REMARKS 

This amendment responds to the office action mailed on September 3, 2002. In 
the office action the Examiner: 

rejected claims 52-64 under 35 U.S.C. 1 12, second paragraph, as indefinite; 

rejected claims 1, 3-5, 28, 29, 33, 34, 54, 56, 58, and 60-65 under 35 U.S.C. 
103(a) as being unpatentable over Tinkham in view of Char et al. (5,157,466); 
• rejected claims 2, 30, 31, and 52 under 35 U.S.C. 103(a) as being unpatentable 

over Tinkham in view of Char et al. and further in view of Shnirman et al. (Physical 
Review B 57, p. 15400, 1998); 

rejected claims 6, 8-10, 35, 39, 40, 41, 53, 55, 57, and 59 under 35 U.S.C. 103(a) 
as being unpatentable over Tinkham in view of Char et al. and further in view of 
Baechtold et aL (3,953,749); and 

rejected claims 7, 1 1, 12-18, 36, 37, 42, 43, 45, 46, and 48-50 under 35 U.S.C. 
103(a) as being unpatentable over Tinkham in view of Char et al., Baechtold et al. and 
further in view of Shnirman et al. 

After entry of this amendment, the pending claims are claims 1-18 and 28-65. 

REJECTION OF CLAIMS UNDER 35 U.S.C. § 112, SECOND PARAGRAPH 

The Examiner has rejected claims 52-64 under 35 U.S.C. 112, second paragraph, 
for three reasons. First, the Examiner indicates that it is not clear where the clockwise 
and counterclockwise supercurrents recited in claims 52-55 are circulating. Second, the 
Examiner finds that the meaning of the term "twice degenerate states," as recited in 
claims 56-59, is not clear. Third, the Examiner finds that the tunneling between 
degenerate states, as recited in claims 60 and 64, is not clear. Applicant addresses each 
rejection below. 

CLOCKWISE AND COUNTERCLOCKWISE SUPERCURRENTS 

The Examiner rejects claims 52-56 because of the recitation of clockwise and 
counterclockwise supercurrents that circulate in a plane in the vicinity of the clean 
Josephson junction. Before addressing the Examiner's specific questions regarding the 
clockwise and counterclockwise supercurrents, Applicant would like to discuss four 
references that describe such supercurrents and provide theories as to why such 
supercurrents form. While Applicant does not necessarily agree with each of the theories 
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presented in these references, the references are nevertheless presented to establish that 
the recitation of clockwise and counterclockwise supercurrents in claims 52 through 55 
satisfy the requirements of 35 U.S.C. § 1 12. 

The first reference is Chapter 6 of the 1999 Ph.D. dissertation of Wolfgang Belzig 
from Karlsruhe University (enclosed as Exhibit A). Chapter 6 of the dissertation 
summarizes theories behind why clockwise and counterclockwise currents arise in the 
vicinity of a grain boundary junction, such as the clean Josephson junction recited in 
claims 52-55 of the present application. Belzig states that a number of experiments have 
demonstrated that Cooper pairs (pairs of electrons in a superconductor) have a 
predominant d x 2- y 2-wave symmetry in high-temperature (d-wave) superconductors. 
However, Belzig rationalizes that lattice distortions in many d-wave superconducting 
materials cause such materials to also have an s-wave symmetry component. Belzig 
hypothesizes that this admixture of d-wave and s-wave symmetry in high-temperature 
superconductors causes time reversal symmetry to break down in the vicinity of the grain 
boundary junction. This, in turn, leads to the appearance of spontaneous currents in the 
vicinity of the junction. These spontaneous currents flow in opposite directions on either 
side of the boundary. In particular, please see Belzig, p. 67-68, Section 6.2, as well as the 
final paragraph on p. 77. 

The second reference is Ifichev et aL, arXiv:cond-mat/01 02404 v3 June 2001 
(enclosed as Exhibit B). Page 2, column 1, of HMchev provides theoretical analysis of 
why persistent currents circulate in the vicinity of a grain boundary junction between two 
d-wave superconducting materials. The theoretical analysis begins with a mathematical 
description of Josephson current density through a grain boundary junction. Il'ichev 
rationalizes that, when the difference in orientation (misorientation) between the first and 
second bank falls into a certain range (maximal at a misorientation angle of 45°), and 
when the temperature of the junction is below a particular temperature, the first harmonic 
of the Josephson current density is suppressed. Thus, the second harmonic of the 
Josephson current density essentially dominates the equation for Josephson current 
density through the grain boundary junction. Because the first harmonic of the Josephson 
current density is suppressed, the Josephson junction has a double well potential and 
therefore can have a doubly degenerate ground state (page 2, col. 1, last sentence of third 
paragraph). 
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Page 2, col. 1, paragraph 4, of Il'ichev states that one consequence of the 
suppression of the first harmonic is that time reversal symmetry is broken and small 
currents of equal magnitude and opposite sign flow along the interface in the left and 
right superconducting banks. These small currents of equal magnitude and opposite sign 
are not the Josephson current through the junction. Finally, the last paragraph of the 
reference states that (a) symmetric 45° junctions exhibit double degenerate ground states 
and (b) there is spontaneously generated flux along the interface (grain boundary) in a 
qubit based on an asymmetric 45° junction that should change sign between the two 
different ground states of the junction. 

The third reference is Amin et al, arXiv:cond-mat/001 1416 v2, Dec. 6, 2000 
(enclosed as Exhibit C). Amin et al. addresses where persistent currents (i.e. the 
clockwise and counterclockwise supercurrents) arise in grain boundary junctions between 
two J-wave superconductors or between an s-wave and a rf-wave superconductor. First, 
Amin et al. provides an equation that describes the current density of such persistent 
currents (see Equation 4). Next, Amin et al. use their mathematical description of the 
current density of persistent currents to plot persistent current density as a function of 
distance from the grain boundary (Amin et al., Figs. 1 and 2). For example, Fig. la 
shows that, under some circumstances, the current density of the persistent current is 
maximal at the grain boundary junction (Fig. la, x=0). 

The fourth reference is Zagoskin, U.S. Patent 6,459,097 Bl (enclosed as Exhibit 
D). Zagoskin specifies that non-zero ground state supercurrents (i.e. the clockwise and 
counterclockwise supercurrents) arise "in the vicinity of a grain boundary Josephson 
junction between an s-wave and a rf-wave superconductor, see column 4, line 42. 
Additionally, Zagoskin specifies that these ground state supercurrents are degenerate. 
Finally, Zagoskin, discloses that these non-zero ground state supercurrents form the basis 
of a qubit for quantum computing. 

With these representative references in mind, the Examiner's questions 
concerning clockwise and counterclockwise currents will now be discussed. First, the 
Examiner asks whether these supercurrents are in the mesoscopic island, circulating in the 
bank of superconducting material, crossing the junction, or all of the above. Amin et al. 
(Exhibit C) addresses this question by deriving equations that represent the current 
density of the clockwise and counterclockwise currents. Using these equations, Amin et 
al. plotted the current density of the clockwise and counterclockwise currents in 
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representative D-D and S-D devices. For example, Fig. la of Amin et ai shows that the 
supercurrents are found on both banks of a D-D (or S-D) junction as well as in the 
junction itself. Similarly, in the instant invention, the clockwise and counterclockwise 
currents are circulating in the bank, the island, and the junction itself. 

Next, the Examiner asks what causes these supercurrents. There remains 
disagreement in the art as to what causes the claimed supercurrents. Some theories for 
why such supercurrents arise are outlined above in the summary of Exhibits A-D. 
Although the theoretical understanding of the origin of the supercurrents is unsettled, 
Applicants respectfully submit that the recitation of clockwise and counterclockwise 
supercurrents is patentable subject matter for the following reasons. First, Exhibits A-D 
establish that such supercurrents exist. Second, Exhibits A-D demonstrate that clockwise 
and counterclockwise supercurrents can be reliably created under predictable 
circumstances. Finally, the instant specification outlines methods by which clockwise 
and counterclockwise supercurrents can be usefully applied to perform quantum 
computation. 

The Examiner further asks whether the supercurrents are due to fluctuations or 
differences in phase between two superconductors separated by the clean Josephson 
junction. Applicant does not believe that the clockwise and counterclockwise 
supercurrents are due to fluctuations. To the contrary, these supercurrents have been 
termed "persistent currents" by some references in the art. Applicant believes that the 
magnitude of the persistent currents are affected by the phase difference between the two 
superconductors separated by the clean Josephson junction. However, Applicant would 
like to respectfully point out that the clockwise and counterclockwise supercurrents 
recited in claims 52-55 are not the Josephson current through the junction. Rather, they 
are spontaneous currents that arise in the claimed structures and in the claimed methods. 

Lastly, the Examiner asks how there can be circulation across the clean Josephson 
junction. Applicant again respectfully points out that the clockwise and counterclockwise 
supercurrents are not the Josephson current. Therefore, the phase difference across the 
junction does not prohibit the simultaneous circulation of both clockwise and 
counterclockwise supercurrents across the junction. In fact, as demonstrated by Amin et 
ai (Exhibit C), current density for the clockwise and counterclockwise supercurrents 
reaches a maximum at the grain boundary under the conditions set forth in the caption to 
Fig. 1 a of Amin et ai (p. 2). 
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TWICE DEGENERATE STATES 

The Examiner states that the meaning of the term "twice degenerate state," as 
recited in claims 56-59, is not understood. The terms "twice degenerate" and "doubly 
degenerate" are defined on page 6, line 20, and page 9, line 8, of the specification, on 
page 5 of the office action response mailed July 16, 2002 in response to the May 10, 2002 
office action, U.S. Patent 6,459,097 Bl to Zagoskin, (column 6, line 33), which attached 
hereto as Exhibit D. 

The occurrence of degeneracy in systems in accordance with the present invention 
relates to various aspects of the claimed structure as discussed in detail below. The d- 
wave superconducting material used for the bank and/or island in each of the devices 
recited in claims 56-59 (e.g., YBa2Cu307- x ) exhibits an anisotropic order parameter that 
restricts supercurrent to one or more preferred directions within the material. These 
restricted directions are correlated with the orientation of the order parameter that is in 
turn correlated with the orientation of the crystal lattice of the material. 

Because of the anisotropic order parameter, a Josephson junction formed out of 
d-wave superconducting materials can be designed to introduce a phase shift between the 
superconducting regions that they separate. In the structures recited in claims 56-59, the 
clean Josephson junction introduces a phase shift between the bulk and mesoscopic island 
regions of the system. Such phase shifts are recited in U.S. Patent 6,459,097 Bl to 
Zagoskin. In Zagoskin, the Josephson junction is comprised of s-wave and d-wave 
superconducting material. Applicant respectfully points out that a similar phase shift 
occurs in the claimed structures. 

Il'ichev et al., referenced above as Exhibit B, describes a system that includes a 
narrow Josephson junction (0.5 and 0.7 micrometers) formed in a loop with a wide 
Josephson junction (see Il'ichev et al. 9 Fig. 1). The system described in Il'ichev is used to 
explore properties of the mesoscopic Josephson junction and provides the first 
experimental observation of a doubly degenerate ground state energy of the system (see 
Il'ichev et al 7 p. 1, second column, first complete paragraph). The doubly degenerate 
ground state referred to in Il'ichev et al. is correlated with the respective phase shift 
across the Josephson junction. This doubly degenerate ground state results from the fact 
that, although the magnitude of the phase shift is fixed, the sign of the phase shift can be 
either positive or negative. 
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If a conventional Josephson junction (S-S) was used in the Il'ichev et al structure 
rather than the unconventional (D-D) Josephson junction, there would be no phase shift. 
Thus, the resulting potential landscape versus phase for the system would have only a 
single potential well with a ground state or minimum energy occurring at zero phase. 
However, when a finite (non-zero) phase shift is introduced, by using the Josephson 
junction described above (a D-D junction), the potential landscape versus phase forms a 
double well potential. This double well potential has a first minimum energy correlated 
with the positive phase difference and a second minimum energy correlated with the 
negative phase difference. Figure 5 on page 4 of Il'ichev et al. illustrates the free energy 
as a function of phase difference across the mesoscopic Josephson junction (weak link) 
and shows the formation of a double well energy structure with respect to phase. 

Il'ichev et al. states that, under certain misorientation angles (the degree of 
misalignment between the banks on each side of a grain boundary junction), the first 
harmonic for the Josephson current density of a Josephson junction between d-wave 
superconductors is suppressed and the second harmonic dominates the current. Il'ichev et 
al. further states that the suppression of the first harmonic and the dominance of the 
second harmonic leads to a doubly degenerate ground state for the junction. (Il'ichev et 
al. y page 2, column 1, last sentence of the third paragraph). The doubly degenerate 
ground state in the Il'ichev et al junction is analogous to the twice degenerate quantum 
state recited in claims 56-59. The recitation of degenerate ground states and the 
correlation to the phase difference across the junction is found in the specification of the 
present invention (see page 1 0, line 6). 

TUNNELING BETWEEN DEGENERATE STATES 

The Examiner has rejected claims 60 and 64 because they refer to tunneling 
between degenerate states. As described in Il'ichev et al., for the case of a D-D junction, 
the potential landscape of a D-D junction or a D-S junction with respect to phase forms a 
double well structure having degenerate ground states. This holds true even when one of 
the banks is a mesoscopic island. The minimum energy levels accessible by the system 
(its ground state) are at the bottom of the potential wells, and are separated by a potential 
barrier that distinguishes them. Changing the system from one potential well to the other 
is physically the same as reversing the direction of the clockwise or counterclockwise 
supercurrent. 
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In classical mechanics, for a particle occupying a ground state to move to another 
state (e.g., another ground state in a degenerate system), the particle must be given more 
energy than the potential barrier that separates the two states. However, if the particle is 
governed by quantum mechanics, it is possible for the particle to tunnel through the 
potential barrier separating the two states even when the particle does not have sufficient 
energy to pass over the potential barrier separating the two states. See, for example, 
Atkins, 1983, Molecular Quantum Mechanics, Oxford University Press, New York, pp. 
41-44, which is enclosed as Exhibit E. Atkins explains that a particle (e.g., a Cooper pair) 
may be found inside a classically forbidden region (forbidden because the particle does 
not have sufficient energy to be in the region). Atkins calls this effect "penetration of the 
barrier" or "tunneling." This type of microscopic quantum tunneling is known in the art 
and, for example,characterizes the Josephson effect across Josephson junctions, where 
Cooper pairs pass through a region of non-superconducting material via the process of 
quantum tunneling. In superconductors and many other systems, the same quantum 
mechanical behavior extends to the mesoscopic scale where mesoscopic properties of the 
system (made up in part by contribution from Cooper pairs) behave according to quantum 
mechanical rules and hence demonstrate quantum tunneling. 

Tunneling is not limited to particles. The tunneling of states is well known in the 
field of quantum mechanics. Relevant examples of the tunneling of states, both 
theoretical and experimental, are found in various superconducting devices. For an 
example of quantum tunneling in a SQUID, see Voss et ai, 1981, Physical Review 
Letters 47, pp. 265-268 which is enclosed as Exhibit F. In particular, see last sentence of 
abstract and first two sentences of left column page 265. For an example related to 
superconducting qubits, see Zagoskin, U.S. Patent 6,459,097 Bl (column 6 line 36) 
(Exhibit D). 

The behavior of any quantum system is defined by its Hamiltonian, which 
identifies the important physical characteristics of the respective system that affect its 
quantum state. Capacitance plays an important role in the quantum state of all 
superconducting systems, including Josephson junction systems. Varying the capacitance 
of a superconducting qubit affects the tunneling rate between degenerate states. This 
phenomenon is apparent from the following Hamiltonian for a Josephson junction: 



(ne) 2 
2C 



- Ej cos(/), 
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where C or capacitance is analogous to "mass" c.f. with the well known Hamiltonian for a 
simple harmonic oscillator, 



In the first Hamiltonian, e is the charge of an electron, Ej is the Josephson energy, and y is 
the phase difference across the Josephson junction. In the second Hamiltonian, p is 
momentum, m is mass, 00 is oscillation frequency, and x is position. It will be appreciated 
that the terms containing phase (Josephson junction) and position (simple harmonic 
oscillator) determine the respective potential energy profile, while the terms containing 
capacitance and mass contain the kinetic terms in the Josephson junction and simple 
harmonic oscillator Hamiltonian respectively. 

Formally, this analogy of mass and capacitance can be shown by detailed analysis 
of a qubit, including qubits with a double well potential. In fact, "the equations of 
motion" for a qubit is a term of art; see Orlando et al, 1999, Phys. Rev. B 60, 15398, 
Item IW of the information disclosure statement submitted by Applicant on March 25, 
2002. Capacitance is an important parameter as disclosed in the specification of the 
present invention (See page 10 line 1 1 et seq.). 

Due to the architecture of the devices recited in pending claims 60-64, the size of 
the mesoscopic island results in it having a small capacitance. The consequence of the 
mesoscopic island having a small capacitance is to increase the total energy of the qubit 
relative to the potential barrier height separating the potential wells in the double well 
potential, where each potential well contains a ground state of the system, and each 
ground state in turn corresponds to clockwise and counterclockwise directions of 
circulating supercurrent. Since the ground states of the system are quantum mechanical 
in nature, an increase in the energy of the qubit results in the system having a high 
probability to tunnel between its ground states. As such, each of the clockwise and 
counterclockwise circulating supercurrents possess a nonzero probability of tunneling 
through the potential barrier from one ground state (for example, represented by the left 
potential minimum of a double well potential) to another ground state (for example, 
represented the right potential minimum of a double well potential ). Hence, the claimed 
system of the present invention performs quantum tunneling between its ground states 
without the influence of external electromagnetic energy. 
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CLAIM REJECTION UNDER 35 ILS.C. § 103(A) 

Claims 1, 3-5, 28, 29, 33, 34, 54, 56, 58 and 60-65 

The Examiner has rejected claims 1, 3-5, 28, 29, 33, 34, 54, 56, 58 and 60-65 
under 35 U.S.C. 103(a) as being unpatentable over Tinkham in view of Char et al. (USP 
5,157,466). Applicants respectfully traverse the rejection. 

The instant invention is directed to novel structures used to perform quantum 
computing. DiVincenzo has outlined the qualities a device must have in order to perform 
quantum computing (DiVincenzo in Scalable Quantum Computers, Braunstein and Lo, 
eds., Wiley-VCH, 2001, Berlin, Exhibit G). One of the most fundamental requirements is 
for the device to have well characterized qubits. DiVincenzo states that a qubit is simply 
a quantum two-level system like the two spin states of a spin V 2 particle, like the ground 
and excited states of an atom, or like the vertical and horizontal polarization of a single 
photon (DiVincenzo, page 3, first paragraph). The essential feature that distinguishes a 
qubit from a bit is that, according to the laws of quantum mechanics, the permitted states 
of a single qubit fill up a two-dimensional complex vector space, commonly referred to as 
a two dimensional Hilbert space and often represented by a Bloch sphere. 

The Applicant has unexpectedly discovered that the claimed structures support a 
quantum two-level system. This two-level system may be used as a qubit to perform 
quantum calculations. Exhibits A, B, C, and D describe the special properties of D-D 
and D-S grain boundary junctions. In particular, according to Amin et al. (Exhibit C), the 
equilibrium phase difference cp Q across the boundary, is generally neither 0 or 71, and 
therefore the states within the banks on each side of the boundary with d x + e ±l<i>0 d 2 
orderings are degenerate and may support spontaneous currents. (Amin et al, p. 1 , 
column 1, third full paragraph). Many researchers have studied such currents. However, 
as detailed in the instant specification, the Applicant exploited this phenomenon by 
making one of the banks separating the grain boundary junction mesoscopic. By using a 
mesoscopic island and a clean Josephson junction, the clockwise and counterclockwise 
supercurrents described in Exhibits A, B, C, and D are no longer governed by classical 
mechanics in the claimed structures. Rather, they are governed by the rules of quantum 
mechanics. Because the clockwise and counterclockwise supercurrents are governed by 
the rules of quantum mechanics, they can be used as qubits as described by DiVinzenco 
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(Exhibit G). In Applicant's invention, the clockwise supercurrents represent one state of 
a qubit and the counterclockwise supercurrents represent the other state of a qubit 
Furthermore, because the ground states of the system are governed by the laws of 
quantum mechanics, the system occupying a first ground state can tunnel through the 
potential barrier that separates the two degenerate ground states (equal energy ground 
states). Thus, adopting a classical view point, by way of illustration, a Cooper pair that 
was initially traveling in a clockwise supercurrent has a finite probability of switching to 
a counterclockwise supercurrent even without the application of an external energy 
source. 

The coexistence of currents that are traveling in opposite directions in a bank or an 
island is possible when the bank or island is in a superconducting state. Because of the 
superconducting state, the opposite currents do not interact with each other. Thus, no 
energy is lost and the currents can coexist for long periods of time. 

With this background in mind, Applicants would like to address the specific 
rejections made by the Examiner. When rejecting claims under 35 USC § 103, the 
Examiner bears the burden of establishing a prima facie case of obviousness. In re Bell, 
26 USPQ2d 1529 (Fed. Cir. 1993). To establish a prima facie case, the prior art 
reference, or references when combined, must teach or suggest each and every limitation 
of the claimed invention. MPEP § 706.02(j). The teaching or suggestion to make the 
claimed invention and the reasonable expectation of success must both be found in the 
prior art, not in the applicant's disclosure. In re Vaeck, 20 USPQ2d 1438 (Fed. Cir. 
1991). There must be some motivation, suggestion, or teaching of the desirability of 
making the specific combination that was made by the Applicant. In re Fine, 837 F.2d 
1071, 1075 (Fed. Cir. 1988). 

In the present instance, one relevant inquiry is whether the cited art, either alone 
or in combination, teaches each and every limitation of the rejected claims. Another 
relevant inquiry is whether the prior art provides one of ordinary skill in the art with a 
suggestion or motivation to modify or combine the teachings of the references relied upon 
by the PTO to arrive at the claimed invention. As discussed in detail below, the cited art 
fails to satisfy either of these requirements. Therefore, the rejection should be withdrawn. 
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The combination ofTinkham and Char does not teach each and every limitation of 
the claimed invention. 

One limitation of the claimed invention is a clean Josephson junction. In 
Applicant's response to the October 1, 2001 office action, Applicant explained that 
faceting (wobble) at the junction between the bank and the island must be minimized in 
order to support the two degenerate states in the mesoscopic island. (March 1, 2002 
response, pp. 16-17). Applicant's explained that the need to minimize faceting leads to 
the requirement of a clean Josephson junction separating the island and the bulk regions. 
For this reason, a clean Josephson junction is a positively recited limitation in each of the 
pending claims. 

Tinkham does not detail the nature of the junctions between the banks in the 
structures identified by the Examiner. Furthermore, the methods used by Char et al. to 
make a junction are not capable of making the claimed clean Josephson junction. The 
result of the fabrication method described by Char et al. is a dirty Josephson junction with 
possible uses for large junction devices. 

Char et al. describes a method of fabrication well known in the art as bi-epitaxial 
grain boundary fabrication. The work of Char et al. was pioneering in the field and some 
advances have been made on the methods described therein. An example of 
advancements to the work of Char et al. is described in detail in Nicolleti et al, 1996, 
Physica C, 269, p. 255 (attached as Exhibit H). On page 256, first column, first complete 
paragraph, Nicolleti et al. introduces bi-epitaxial layers as having first been developed by 
Char et aL, 1991, Appl. Phys. Lett., 59, 733. 

The following Figure is a reproduction of Figure 8 from Nicolleti et al. that 
illustrates a characterization study comparing bi-epitaxial and bi-crystal grain boundary 
Josephson junctions. Specifically, the Figures illustrate the critical current (Ic) 
dependence on applied magnetic field (H) for a 1 6j^m large bi-epitaxial Josephson 
junction and a 5|im large bi-crystal Josephson junction. 
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Fig. 8. l z vs. // curve obtained on a) a 16 /*m large junction fabricated on STO substrate and on b) a 5 ^.m large junction fabricated on 45* 
symmetric STO bi-crystal. The data were collected at 4,2 K, 

The top curve represents a bi-epitaxial Josephson junction having randomly 
occurring "structural and / or morphological defects." (Nicolleti et aL, p. 265, column 2). 
The defects described are an unavoidable byproduct of the bi-epitaxial fabrication 
method. In complete contrast, in a clean Josephson junction, the Ic versus magnetic field 
(H) characteristic obeys a Fraunhofer-like behaviour. The top bi-epitaxial curve "largely 
deviates from the expected behavior" (Nicolleti et al, y p. 266, column 1, 2 nd paragraph) 
while the bottom bi-crystal curve demonstrates the "typical sin(x)/x pattern with 
symmetric periodic lobes" (ibid.). 

The effect of the defects in a Josephson junction using the Char et al. bi-epitaxial 
technique/approach is a reduction in the current density and change in the phase along the 
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Josephson junction (Nicolleti et al, p. 266, col. 2 , first complete paragraph). Mannhart 
and Hilgenkamp, interpret these results as being direct evidence of faceting (wobble). 
See, Mannhart and Hilgenkamp, 1997, Superconductor Science and Technology 10, pp. 
880-883, attached hereto as Exhibit I. In particular, see p. 881, column 1, third paragraph 
and Figure 2 of Exhibit I. 

Bi-epitaxial technology is known to produce junctions of limited use. Bi-epitaxial 
grain boundary Josephson junctions are known to have a high normal resistance Rn and 
low IcRn products. See, Koelle et al., 1999, Reviews of Modern Physics 71, pp. 631- 
686, which is attached hereto as Exhibit J. In particular, see page 643, column 2, second 
complete paragraph of Exhibit J. This is known by practitioners in the art who no longer 
use the bi-epitaxial grain boundary Josephson junctions, which are described in Char et 
al. and Nicolleti et al, in YBa 2 Cu 3 07-x for SQUIDs. 

In summary, the bi-epitaxial Josephson junctions described in Char et al. and 
Nicolleti et al. are not clean Josephson junctions as recited in the claimed invention. 

There is no motivation to combine Tinkham and Char et al. 

The Examiner contends that it would have been obvious to use the Char et al. 
structure for the Tinkham device to obtain a device having each of the claimed limitations 
because it is known to be functional. Applicant respectfully disagrees with the 
Examiner's analysis. In re Fine held that there must be some motivation, suggestion, or 
teaching of the desirability of making the specific combination that was made by the 
Applicant. In re Fine, 837 F.2d 1071, 1075 (Fed. Cir. 1988). As discussed below, the 
structures described by Char et al. and Tinkham have different properties and different 
applications. In addition, there is no suggestion in Char et al. and Tinkham that the 
references should be combined. For these reasons, Applicant contends that Tinkham and 
Char et al. cannot be combined to teach each of the limitations of the claimed invention. 

The devices described by Char et al. and Tinkham require different 
functionalities to operate. The slotted dc-SQUID described in Char et al. is a device that 
converts magnetic flux into current, thus forming a sensor for magnetic fields. In 
operation, a potential difference is measured across the leads of the dc-SQUID that is 
correlated with the amount of magnetic flux that threads the dc-SQUID loop. For 
example, referring to Figure 14 from Char et ai, the potential difference would be 
measured between region 3 1 2 to region 3 1 0. The potential difference in the Char et al. 
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device is measured across two Josephson junctions in parallel. The Josephson junction 
fabrication methods described in Char et al are directed towards forming devices such as 
the slotted dc-SQUID. 

In contrast, the device described in Tinkham includes two Josephson junctions in 
series. The passage of current or supercurrent across the island in Tinkham can be 
controlled. The device described in Tinkham is not useful for measuring magnetic fields 
and thus requires different functionality than the Char et al. device and structure. As a 
consequence of this difference, the Josephson junctions for the respective systems (Char 
et al. and Tinkham) also require different functionality. 

The behavior of the device described in Tinkham depends on the ratio between the 
Coulomb energy E c and Josephson coupling energy Ej. Ec depends on the capacitance of 
the small island as 



where C is the capacitance of the tunnel junctions (Tinkham, p. 249, second 
paragraph). Ej depends on the critical current Ic of the Josephson junctions as 

J 2e 

(Tinkham, p. 198, equation 6.3). 
These energies depend on many aspects of the system such as the material used and the 
characteristics of the Josephson junctions. Since Char et al. only describes large-scale 
structures, it is not obvious what the characteristics of the Char et al. structure would be if 
it were scaled to a mesoscopic size. 

For these reasons, Applicant respectfully submits that there is no motivation to 
combine Tinkham and Char et al. as required under the law. Therefore, Applicant 
respectfully submits that the Examiner has not satisfied the burden of establishing a prima 
facie case of obviousness. 

For the reasons provided above, Applicant believes that the combination of 
Tinkham and Char et al. does not render obvious claims 1, 3-5, 28, 29, 33, 34, 54, 56, 58, 
or 60-65. Therefore, Applicant respectfully requests that the rejection be withdrawn. 
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Claims 60-63 

Claims 60-63 are patentable over the combination of Tinkham and Char et aL for 
the additional reason that neither reference teaches or suggests the form of quantum 
tunneling recited in these claims. Claim 60 recites a supercurrent that tunnels between a 
first ground state and a second ground state. Tinkham and Char et aL, or any 
combination of Tinkham and Char et aL, do not teach or suggest a clean Josephson 
junction between a mesoscopic island and a bank. For this reason, the cited references 
fail to disclose a Josephson junction that is configured so that a supercurrent proximate to 
the Josephson junction alternates between a first ground state having a first magnetic 
moment and a second ground state having a second magnetic moment by means of 
quantum tunneling as recited in claim 60. Claims 61-63 depend from claim 60 and 
therefore are not rendered obvious by the combination of Char et al. and Tinkham for the 
same reasons. 

Claims 2, 30, 31, and 52 

The Examiner has rejected claims 2, 30, 31, and 52 under 35 U.S.C. 103(a) as 
being unpatentable over Tinkham in view of Char et al. (USP 5,157,466) and further in 
view of Shnirman et al. 

Tinkham., either alone or in combination with Char et al, does not anticipate 
claims 1, 28, 60 or 64 for the reasons discussed above. Shnirman merely teaches a SET 
capacitively coupled to a Josephson junction q-bit. As such, Shnirman et aL does not 
remedy the deficiencies identified in the combination of Tinkham and Char et aL, For 
this reason, the combination of Tinkham, Char et aL, and Shnirman et aL does not render 
claims 1, 28, 60 or 64 obvious. Since claims 2, 30, 31, and 52 ultimately depend from 1, 
28, 60 or 64, the cited references do not anticipate these claims either. Accordingly, 
Applicant respectfully requests that the rejection be withdrawn. 

Claims 6, 8-10, 35, 39, 40, 41, 53, 55, 57, and 59 

The Examiner has rejected claims 6, 8-10, 35, 39, 40, 41, 53, 55, 57, and 59 under 
35 U.S.C. 103(a) as being unpatentable over Tinkham in view of Char et al. (USP 
5,157,466) and further in view of Baechtold et aL (USP 3,953,749). Tinkham, either 
alone or in combination with Char et aL, does not anticipate claims 1, 28, 60 or 64 for the 
reasons discussed above. Baechtold et aL merely teaches a binary circuit consisting of a 
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series/parallel arrangement of Josephson junctions. As such, Baechtold et ai does not 
remedy the deficiencies identified in the combination of Tinkham and Char et ai. For 
this reason, the combination of Tinkham, Char et al., and Baechtold et al. does not render 
claims 1, 28, 60 or 64 obvious. Since claims 6, 8-10, 35, 39, 40, 41, 53, 55, 57, and 59 
ultimately depend from 1, 28, 60 or 64, the cited references do not anticipate these claims 
either. Accordingly, Applicant respectfully requests that the rejection be withdrawn. 

Claims 7, 11, 72-75, 36, 37, 42, 43, 45, 46, and 48-50 

The Examiner has rejected claims 7, 11, 12-18, 36, 37, 42, 43, 45, 46, and 48-50 
under 35 U.S.C. 103(a) as being unpatentable over Tinkham in view of Char et al, 
Baechtold et al. and further in view of Shnirman et ah As previously discussed, 
Tinkham, either alone or in combination with Char et al, does not anticipate claims 1, 28, 
60 or 64. Baechtold et ai and Shnirman et al. do not remedy the deficiencies identified 
in the combination of Tinkham and Char et al. For this reason, the cited references, either 
alone or in any combination, do not render claims 1, 28, 60 or 64 obvious. Since claims 
7, 1 1, 12-18, 36, 37, 42, 43, 45, 46, and 48-50 ultimately depend from claims 1, 28, 60 or 
64, the references do not anticipate these claims either. Accordingly, Applicant 
respectfully requests that the rejection be withdrawn. 
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CONCLUSION 

In light of the above remarks, the Applicant respectfully requests that the 
Examiner reconsider this application with a view towards allowance. The Examiner is 
invited to call the undersigned attorney if a telephone call could help resolve any 
remaining items. 

Respectfully submitted, 



PENNIE & EDMONDS LLP 




Reg. No. 31,066 

3300 Hillview Avenue 
Palo Alto, CA 94304 
Telephone: (650) 493-4935 
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APPENDIX A 
AMENDED CLAIM 

64. (Amended) A quantum register comprising: 
a bank of a superconducting material; 

a plurality of [mescopic] mesoscopic islands of superconducting material; 

a plurality of clean Josephson junctions, wherein each Josephson junction 
is between the bank and a corresponding one of the islands ; and 
is configured so that a supercurrent proximate to each Josephson junction 
alternates between a first ground state having a first magnetic moment and a second 
ground state having a second magnetic moment by means of quantum tunneling; and 

circuitry to allow selective interruption of quantum tunneling between the first 
ground state and the second ground state of the supercurrent associated with each 
Josephson junction. 
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Chapter 6 



Spontaneous time-reversal symmetry 
breaking at twin boundaries in 
high-T c superconductors 

A large number of experiments have convincingly demonstrated that Cooper pairs have 
basically d^.^-wave symmetry in high-temperature superconductors [26]. In a strict sense 
this classification applies only to superconductors with perfectly tetragonal crystal sym- 
metry for which the d x 2. y 2 represents a "relative angular momentum' 1 of the Cooper pairs 
with reduced symmetry. On the other hand, there is a number of slightly orthorhombically 
distorted systems such as YBa 2 Cu 3 0 7 (YBCO) for which the intrinsic crystal deformation 
removes the distinction by symmetry between this pairing states and a conventional s-wave 
type. We may interpret this also in the way that the orthorhombic distortion couples the 
two pairing channels [41,155,156]. Clear evidence for this kind of mixing has been found 
in recent c-axis Josephson experiments between YBCO and Pb [157]. In these experiments 
a Josephson current between a single twin domain and a s-wave superconductor was ob- 
served. If the order parameter of the twin domain would be purely d-wave the Josephson 
coupling would vanish due to symmetry. The reason is that the current originating from 
the positive lobes would exactly cancel the one from the negative lobes. Consequently, the 
measured current must be due to the weight difference of positive and negative lobes. This 
difference can be interpreted as an admixture of a subdominant s-wave component. 

An interesting aspect of the s-wave admixture due to an orthorhombic distortion occurs 
in the vicinity of twin boundaries which separate the two degenerate orthorhombic lattice 
shapes (twins). A schematic picture of such a twin boundary is drawn in Fig. 6.1. Sigrist et 
al. suggested that the two order parameter components, s- and d-wave, could locally twist 
in a way that time reversal-symmetry T is broken [41]. Various physical properties are 
connected with this effect. In Ref. [41] it was shown on the level of Ginzburg-Landau t heory 
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CuO-chain 

CuO-plane 

Twin boundary 



X 



Figure 6.1: Schematic top view of a CuO plane with a twin boundary. The directions 
of the chains discriminates the twin domains on both sides of the twin boundary The 
one-dimensional chains are interrupted at the twin boundary Therefore, the transport 
through the twin boundary in the chains will be neglected in our quasiclassical model. 

that the T-violating state is accompanied by a spontaneous current flowing parallel to the 
twin boundary. Recently a twin boundary was studied by solving the Bogolubov-de Gennes 
(BdG) equations [158-160] confirming the results of the Ginzburg-Landau description and 
discussing the local /^-characteristics observable in a tunneling experiment. Time-reversal 
breaking surface states were also predicted [106] and experimentally found [100] at surfaces 
of YBCO. 

We study a twin boundary and its properties using the quasiclassical theory of super- 
conductivity introduced in Chapter 2. We calculate the structure of the order parameter 
selfconsistently at all temperatures. Our calculation includes the orthorhombic distortion 
in form of anisotropic quasiparticle masses. In contrast to Ref. [158], the twin boundary 
has no extension and is not explicitly pair breaking. In the bulk this formulation gives 
a mixing between s- and d-wave pairing due to the orthorhombic distortion in agreement 
with the other methods. For the twin boundary we show that the time-reversal symmetry 
is indeed broken at low enough temperature. The lower symmetry is noticeable also in the 
energy levels of quasiparticle bound states at the twin boundary. In the T-invariant state 
there is a large density of bound states at zero energy. The breakdown of time-reversal 
symmetry at the twin boundary leads to the splitting of this energy level, and this effect in 
the local density of states is observable by scanning tunneling microscopy. This experimen- 
tal technique has already been successfully used to measure the spatially resolved density 
of states inside vortices in classical superconductors [161,162], in vortex lattices [163,161] 
and in high-T c superconductors [165.166]. 
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Figure 6.2: Hybridization of chain and plane Fermi surfaces. The free Fermi surfaces of 
the plane and the chains are drawn as thin lines. In the regions in which they overlap 
they hybridize leading to an avoiding of crossings. In a strict sense the hybridized Fermi 
surfaces cannot be associated clearly with either the chains or the planes. However, both 
parts of the Fermi surface retain the one- respectively two-dimensional character. 



6.1 Bulk properties 

In YBCO the orthorhombic symmetry reduction is partially induced by lattice deformation 
and mainly due to the presence of CuO-chains. The introduction of this orthorhombicity 
into the quasiclassical formulation is done by changing the single electron dispersion to 

e(k) = |i - -My , 
2m m 

where the (dimensionless) constant -1 < c < 1 parameterizes the distortion (the sign of c 
defines the two twin domains). Here the x- and y-axes correspond to the direction [1,1,0] 
and [1,-1,0] of the tetragonal lattice. The distortion leads to a non-cylindrical FS with 

km = 7== . (6-2) 

V 1 - c sin 20 

where 0 is the angle between k and the A: x -direction and A* F0 is the Fermi wave vector of 
the undistorted system. We will neglect all effects of electron motion in c-axis direct ion. 
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Accounting for the anisotropy the averaging over the FS has to be modified compared to 
the standard case, 

^n(6) . (6.3) 

k 

Here, N 0 is the normal density of states at the Fermi energy, and 

n(0) = 1 \i\k% i )lm = ,l! r^T9 ■ (6 - 4) 

where n f is a normalization factor. A realistic estimate for the parameter c is ~ 0.2. 
This has been shown in [167], where the hybridization of the chain and the plane Fermi 
surfaces was calculated. The resulting anisotropy of the ab-plane penetration depth was 
compared to experiment [168]. The anisotropy of the Fermi surface was determined to be 
*W^Fb ^ 1-3, which corresponds to c « 0.2 in our model. Recently a model in which 
the anisotropy occurs only due to the small lattice distortions was proposed [169]. The 
gap anisotropy found there is, however, well described in our model with the anisotropic 
Fermi surface. Therefore, we will neglect all other effects related to the chains besides the 
modification of the dispersion. 

In the following, we restrict our discussion to the s-wave and ri x 2_ y 2-wave pairing chan- 
nels. The pairing interaction is modeled as 

V'(0, ff) = V; + 2V d sin(20) sin(2#') , (6.5) 

where the angular dependence of the d-wave part follows from our choice of the coordinate 
frame. The coupling strengths l r s / d are eliminated in favor of the bare critical temperatures 
Tcs/d and the energy cut-off u; c , the latter assumed to be the same for both channels. Then 
the coupling constants can be defined as 

n<u} c /2irT 

The solution for the off-diagonal quasiclassical Green's function in the bulk is f u {9) = 
A(0)/fi(0), where fi(0) = yju) 2 + |A(0)| 2 . The gap function is a linear combination of the 
s- and d-wave component, A(0) = A d sin(20) + A s . The selfconsistent calculation leads to 
two coupled equations for the s- and d-wave component, 



^>0 



Q(0) 



x-^-^r ! ^ r / A rf sin 2 (2<?) + A,sinf2ff) , 
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Figure 6.3: Zero-temperature properties of an orthorhombic superconductor with mixed 
d- and s-pairing. For different magnitudes of the orthorhombic distortion c — 0.2 (main 
graph) and c = 0 (inset), the two order parameters and the relative phases are shown as a 
function of T cs /T cd . 



An expansion in c immediately shows that the s and d components are coupled for c / 0 
and a finite value of one of the components drives the other component to be non-zero. A 
non-vanishing c also leads to a renormalized onset temperature for superconductivity. It 
is found by linearizing (6.7) under the assumption A S|d <C u; and using (6.6) at T = T c (c). 
For a small orthorhombic distortion the critical temperature is then determined by 




where c = c^t^o^i 71 + V 2 )" 1 - If T cs and T cd are comparable we find the enhanced 
critical temperature 

T c (c) - \(T CS + T cd ) + ^v/(r c s-r cd ) 2 + 2c 2 7 cs r cil . (6.9) 

This equation establishes the bridge between our quasiclassical approach and tin* Gin/burg- 
Landau approach via Eq. (5) of Ref. [41]. The other coefficients of the Ginzburg-Landau 
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expansion are derived from our model in Appendix E. On the other hand, if 7^ and T cd 
are not comparable the critical temperature is given by 



The resulting T c is different from the Ginzburg-Landau result and shows explicitly, that 
the Ginzburg-Landau approach fails if the two coupled order parameters have strongly 
different coupling strengths. 

The numerical results for the two order parameters and their relative phase at T = 0 
are shown in Fig. 6.3 as a function of T cs /T cd . They always coexist. In contrast to the 
case c = 0, the relative phase (f) varies continuously and is different from zero in a narrow 
window of values of T cs /T cd . The region of broken time-reversal symmetry is shrinking 
with increasing |c|, in qualitative agreement with the GL approach. In the case c = 0 we 
either find a one-component solution (i.e., the s- or the d-wave component vanishes), or 
both are finite and appear in the complex combination d ± is, i.e. they have the relative 
phase <p = ±n /2 [170]. At T = 0 the complex phase occurs for 0.6 < T cs /T cA < 1.0 (see 
the inset in Fig. 6.3). 

In the following we will assume T cs /T cd = 0.3 (see Ref. [106]) and c = 0.2 which leads 
to A s ~ 0.25A d and <j> = 0 or n (see Fig. 6.3), i.e., no bulk T-violating state occurs in 
agreement with the present experimental status. 

6.2 Pair potentials near a twin boundary 

We will now consider a twin boundary, a boundary between two domains with the relative 
orientation of the crystal axes of 90°. The quasiclassical equations have to be solved 
along classical trajectories, which are characterized by a momentum direction on the Fermi 
surface fc F - At the twin boundary the k- vectors with the same /c y -component have to 
be matched, see Fig. 6.4. The reflection coefficient for a given k F in the absence of a 
boundary potential is R = (v Fxl -v? x2 ) 2 /{v? xl +^fx2) 2 - If we consider the energy dispersion 
given in Eq. (6.1) (c = sign(:r)|c|), we find that v Vx] = v? x2 for all scattering directions. 
Consequently we have no normal reflection at the twin boundary [159]. 

We solve the quasiclassical equations numerically in a selfconsistent way for various 
temperatures for a single twin boundary. Consistent with experimental observations [26, 
157] we assumed that the d-wave component is identical on both sides, whereas the s-wave 
component changes sign. 

Results for two different temperatures are shown in Figs. 6.5 and 6.6. For the higher 
temperature T = 0.1T cd the relative phase jumps from 0 to tt at tin 1 twin boundary and A s 
goes to zero directly at the twin boundary. On the other hand, for T = 0.017' r(1 we observe a 




(6.10) 
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Figure 6.4: Fermi surfaces and bulk gap (shaded region) on both sides of the twin boundary. 
Fermi wave vectors k F - vectors and Fermi velocities v F for a perpendicular trajectory are 
indicated by arrows. The parallel components of v F for these trajectories on both sides of 
the twin boundary have different sign. 

local T-violation for which the relative phase changes continuously from 0 to ~ with a non- 
vanishing s-wave pairing component. The inset in Fig. 6.6 shows | A a j 2 at the twin boundary 
as a function of temperature. It becomes finite for T < 0.05. A particular feature of local 
T-violation is the appearance of spontaneous currents in the vicinity of the twin boundary 
flowing in opposite directions on both sides. These spontaneous currents at T = 0.01T cd 
are shown in Fig. 6.7. Such spontaneous currents lead to a localized magnetization, which 
would be possibly observable by magnetic force microscopy [171]. Note that screening 
effects are not taken into account here. Typically the penetration depth is much larger 
than the extension of the bound states and screening effect is negligible close to the twin 
boundary. Hence the full magnetization should be measurable at the twin boundary. 

6.3 Density of states near a twin boundary 

The local density of states can be calculated by solving the Eilenberger equation for real 
energies. The results are given in Fig. 6.8. In the T-invariant state a pronounced zero- 
energy peak occurs in the vicinity of the twin boundary. In the T-violating state, the zero- 
energy peak splits into two symmetric peaks. The separation of the peaks is proportional 
to A s (0). The local density of states can be measured by scanning tunneling microscopy. 
In particular, the splitting of the zero-energy peak would prove the existence of a time- 
reversal breaking state in YBCO [158]. The temperature at which the splitting occurs. 
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Figure 6.5: Order parameters in the vicinity of a twin boundary in the T-invariant state 
for T = 0.3T fd . The s-component goes to zero at the twin boundary and the relative phase 
shows a jump. The d-wave component is only slightly suppressed. 




Figure 6.6: Order parameters in the vicinity of a twin boundary in the locally T-violating 
state for T = 0.01T cd . The absolute value of the s-component is finite for x = 0 and the 
relative phase changes smoothly from 0 to 7r. The suppression of the d-wave component 
is only weakly affected by the T-vioIation. Inset: Modulus squared of (imaginary) s- 
component as a function of temperature. The second order phase transition is rounded 
due to numerical accuracy. 
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Figure 6.7: Spontaneous current and magnetic field in the T-violating state. The current 
has an appreciable size of order of the depairing current. Due to the sign change of the 
current, the resulting magnetic induction is screened by the current on the other side of 
the twin boundary. 



T ~ 0.057 cd ~ 0(5/\), is well within reach of current low-temperature scanning tunneling 
microscopy technology. 

To investigate the microscopic nature of the gap feature in the local density of states 
and the spontaneous current it is useful to turn to an angle-resolved view of the problem. 
The zero-energy peak in the local density of states in the T-invariant situation can be 
understood by considering classical trajectories with angles 0 centered around 0, n and 
±7r/2 in a range 260 — arcsin(A s /A d ). The corresponding Andreev (electron-hole) bound 
state for such angles is confined between two superconducting domains with a phase shift 
of ix which leads to a zero-energy level [93]. On the other hand, broken time-reversal 
symmetry will generate phase shifts different from n leading to up or down shifted energy- 
levels and the splitting of the zero-energy peak. Alternatively, this effect may be also seen 
as a driving mechanism: the large density of states of the zero-energy bound states at the 
Fermi energy gives rise to a local Fermi surface instability opening a (pseudo) gap. 

How does the splitting lead to spontaneous currents? Each state (bound or extended) 
carries a current parallel to v F (k). The phase gradient seen by these states leads to a 
shift in energy (bound states) or spectral weight (extended states). As a result left- and 
right-moving states are differently occupied, see Fig. G.9. At T ^ 0 only the nr/AZ-rnoving 
of the bound states are occupied. On the other hand, due to the shift of the spectral weight 
the /eft-moving continuum states give the dominant contribution of the continuum states. 
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Figure 6.8: Local density of states in the vicinity of a twin boundary for T cs /T cd = 0.3 
and c = 0.2. The two graphs correspond to T = 0.1 T cd (upper graph) and T = 0.01T cd 
(lower graph). In the T-invariant state there is a large peak at zero energy. The peak 
splits symmetrically in the T-violating state. 
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Figure 6.9: Schematic view of the annular resolved density of states at the twin boundary. 
Left moving (v y < 0) and right moving (r„ > 0) are shifted in energy with opposite sign. 
The right moving hound states are occupied, while the left moving are empty. 

They cancel the perpendicular current cunt ribut ion of the bound states (as required by 
current conservation), leaving only a parallel component of the total current. For a simpler 
situation with a related mechanism, see [172]. The sign of the parallel current is different 
on both sides of the twin boundary due to the symmetry of the dispersion relation (the 
momenta and velocities for one of these states are indicated in Fig. 6.4). 

In conclusion, we have studied the electronic structure of twin boundaries in orthorhom- 
bically distorted high-T c superconductors. The urthorhombic distortion was introduced in 
the quasiclassical formalism of superconductivity, and the corresponding equations were 
solved selfconsistently. At low temperatures, we found a localized T-violating state at the 
twin boundary. These localized states create spontaneous quasiparticle currents that flow 
in parallel to the twin boundary. In addition, we find a splitting of the zero-bias anomaly 
in the local density of states. Using realistic parameters we estimate that the splitting 
could be observed around 5K, i e . using available low-temperature scanning tunneling mi- 
croscopes. An observation of the splitting would be a unique signature of T-violation in 
such systems. 
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Degenerate ground state in a mesoscopic YBa 2 Cu 3 0 7 _ x grain boundary Josephson 

junction 

E. irichev, 1 M. Grajcar, 1,2 R. Hlubina, 2 R.P.J. Ussclstcijn, 1 H E. Hoenig, 1 H.-G. Meyer, 1 A. Golubov, 3 M.H.S. 
Amin, 4 A.M. Zagoskin/ 4 ' 5 A.N. Omelyanchouk, 4,6 and M.Yu. Kupriyanov 7 
1 Department of Cryoelectronics, Institute for Physical Hiji Technology, P.O. Box 100239, D-07702 Jena, Germany 
2 Department of Solid State Physics, Comemus University, Atynskd Dolina F2, 842 48 Bratislava, Slovakia 
3 Department of Applied Physics, University of Twente, 7500 AE Enschede, The Netherlands 
* D- Wave Systems Inc., 320-1985 W. Broadway. Vancouver, B.C., \6J 4Y3. Canada 
5 Physics and Astronomy Dept., University of British Columbia 6224 Agricultural Rd., Vancouver, B.C., V6T I'll, Canada 
6 B.I. Verkin Institute for Low Temperature Physics and Engmcnng, 47 Lenin Ave., 310 164 Kharkov, Ukraine 
7 Institute of Nuclear Physics, Moscow State University, 119890 Moscow, Russia 

i , We have measured the current-phase relationship /(^) of symmetric 45° YBa 2 Cu307 grain 

boundary Josephson junctions. Substantial deviations of the Josephson current from conventional 
<^> tunnel -junction behavior have been observed: (i) The critical current exhibits, as a function of 

CnJ temperature T, a local minimum at a temperature T" . (ii) At T « T* , the first harmonic of I (^) 

£ changes sign, (iii) For T < T\ the second harmonic of I(*p) is comparable to the first harmonic, 

and (iv) the ground state of the junction becomes degenerate. The results are in i-. > • : ■ igieement 
with a microscopic model of Jost-plison junctions betw: -a d-wave superconductors 
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The most important pheni jmeriol' -c ■ . . i-p-nce r-t- 
tween the high-7,. cuprates and conventional supc-i con- 
ductors regards the orbital symmetry of the supercon- 
ducting order parameter. In the cuprates the pair poten- 
tial changes sign depending on the direction in inoint-n- 
t space accordii! g U i 1 ' J A'; ; ! "-- -\ "'^ wh»;-' 
t' is the .ingle between t he -a . ■. ve ■, - - ■ . >: a .; : ; .. . i' i .1 - 
tory ) x-axis, while 0 is the angle between the Cu-(Ju bond 
ni'rtion of the superconductor and the .r-axis. ThN mi- 
conventional (i-wave symmetry wa> predicted" a.i'i ex- 
perimentally confirmed 1,2 to be directly measurable in 
the Josephson effect between a high-T f and a conven- 
tional superconductor. Another consequence of the d- 
u .ve symmetry is that mid-gap states (MGS; with en- 
ergy £ = 0 should form on the free surface of a d-wave su- 
perconductor if A(r?) has opposite signs on incident and 
reflected electronic trajectories. 4 The MGS density must 
be maximal for (HO)-like surfaces and this prediction has 
in fact been confirmed by STM microscopy on YBCO sin- 
gle crystals 5 which revealed the MGS contribution to the 
V3C0 tunneling density of states. The presence of the 
MGS is expected to influence in a spectacular way also 
the Josephson effect in junctions between d-wave super- 
conductors with different crystallography c orientations. 
Yet no clear manifestation of the MGS in the Josephson 
effect in such junctions has been observed so far, which is 
a challenge for the concept of d-wave superconductivity 
in the cuprates. 

Moreover, due to possible applications in quantum 
computing, 6 ' 7 there is substantial interest in Josephson 
junctions and circuits with a doubly degenerate ground 
state. Such a state was predicted in an asymmet- 
ric 45° junction (0, = 0° and 0 2 - 45°, the angles 
0i,2 are defined in Fig. 1), since odd harmonics of the 
Josephson current I{^>) — £ n /„sinuy? are suppressed 



hv -viiunetry. 8 '- The current - j -ha -o r. iati-.-n oiix uoi :. 
Uei. 10 indeed showed a substantial contribution of tne 
second harmonic However, there is a finite supercur- 
rent flowing along the interface in the ground state of 
asvmmetric 45° junctions.-' Therefore they do not lead 
ei >-o : •}•• elv nui'-t cubits in the sen--* of \\<-\ ! ; 



I, 




FIG. 1. Schematic picture of the RF SQUID. The YBCO 
thin film occupies the gray area. The inset shows an electron 
microscope image of the narrow grain boundary Joseplison 
junction. 

Motivated by the search for both, the MGS in high-X r 
Joscphson junctions and a quiet qubit, we have stud- 
ied symmetric 45° junctions (i.e. junctions with 0 X = 
-0 2 = 22.5°). In this paper we report the first direct 
observation of several effects exclusive to such junctions 
temperature controlled sign change of the first harmonic 
of the Josephson current, a nonmonotonic temperature 
dependence of the critical current, and the development 
of a doubly degenerate ground state of the system. 
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Let us start with a description of the theoretical pre- 
dictions for Josephson junctions between <f-wave super- 
conductors. In symmetric short junctions the Josephson 
current density is conveniently described in terms of the 
Andrecv levels in the junction as 11 

where p is the superconducting phase difference between 
the banks, 4> 0 is the magnetic flux quantum, kr is the 
Fermi momentum, d is the average separation of the 
CuOo planes, f(c) is the Fermi distribution function, and 
tf) is the energy of the n-th Andrecv level for an 
electron incident on the junction at an angle t? with re- 
spect to the boundary- normal. At a given d there exist 
only two Andrecv levels with energies ±e{p,d). 

The nature of the Andrecv levels changes with the im- 
pact angle $: (i) For 22.5° < \d\ < 67.5°, MGS arc 
formed at p = 0 whose energy is split by a finite phase 
difference tp across the contact. In this range of impact 
angles c{p) can be qualitatively described by EmgsCv 7 ) — 
A(T/4)sm(9/2) v /'P(T/4). where 0 < V(d) < 1 is the 
aiu'le-dependent barrier transparency. 1 ' (ii) For \0\ < 
22.5° and G7.r>° < j?'; < 90". no MGS are formed at 
p --= 0 and the Andrecv levels assemble those formed in 
a Josephson junction between s-wave superconductors. 
In l his ran^c of impact angles z(-p) can be qualitatively 
' - :::».•■! by £ CUIlV ( r -) Ail))!] - P '](.)) siir'i ■' 1 

VYh< :i inserted into ihe equati.'ii n,r ./ , r . , the twi. 
sets of Andrecv levels yield contributions of opposite 
to 'he .h dirrent. /■'.-') - h.u,<(pl * 

!. .. A (p). Close to I'r- when 7 1 :>> A n (7'). we can 
approximately write / conv oc 'D(0){Aq/T) snip and 
/*, ex -X)(T/4)(A^/7 , )siiiy . For a sufficiently 
la: ,,e ratio Z>(0)/'D( '~ /■!) the sign i-f the first harmonic 
rii nigh temperatures is therefor'* given by the con- 
ventional^ contribution. Lowering the temperature to 
x /'D[^/4)A 0 {T) «C T <£ A 0 ('i"j, /conv Curates to 
/conv oc X>(0)A o sin^ T whereas |/mgs| continues to grow 
according to J M cs « -I>(7r/4)(Ao/r) sin v>- As a result, 
ne.ir T* ~ A 0 Z>(7r/4)/I>(0) the first harmonic will change 
sign and therefore the second harmonic will dominate the 
current, leading to a doubly degenerate ground state. 

In a symmetric junction e{p,d) = £{p,-$) 12 and 
therefore the total current along the interface is exactly 
zero at any T and <p, contrasting with a finite total cur- 
rent in an asymmetric junction. A more detailed analysis 
shows that in symmetric junctions time reversal symme- 
try is broken and small currents of equal magnitude and 
opposite sign flow along the interface in the left and right 
superconducting banks. Thus, although they arc much 
closer to being quiet than asymmetric junctions, even the 
symmetric junctions are not completely quiet. 

An experimental confirmation of the above theoret- 
ical predictions requires the use of mcsoscopic junc- 
tions. In fact, since the grain boundaries arc faceted 
on a length scale — 0.1 /im, 13 !{<p) of macroscopic 



junctions necessarily represents a nontnvial average over 
junctions with different misorientations. However, stan- 
dard transport measurements of the critical current I c - 
max v ,{/(v?)} are possible only at temperatures smaller 
than the energy of the grain boundary Josephson junc- 
tion, ~ 4> 0 /c/27T. Therefore we have used the modified 
Rifkin-Deaver method 1415 which offers a unique possi- 
bility to study l((p) at temperatures T much higher than 
the junction energy. This is achieved by connecting the 
banks of the junction to form a superconducting ring (or 
an RF SQUID) so that the phase difference across the 
junction is controlled by the flar^e) phase stiffness of the 
ring. 




FIG. 2. The phase angle a ;t~ a function of ^ measured 
at different temperatures for sample No. 1 (a) and No. 2 (b). 
From top to bottom, the data correspond to (a) T— 30, 20, 
15, 10, 4.2, 1.8 K and (b) T== 35 30, 25, 20, 15, 11, 10, 5, 1.6 
K. The data are vertically shifted for clarity. 

The YBCO thin films of thickness 100 nm were pre- 
pared by laser deposition on 45° symmetric bicrystal sub- 
strates. The RF SQUIDs were patterned in the shape of a 
square washer 3500 /imx 3500 fan with a hole 50 ^mx50 
|im by electron beam lithography (sec Fig. I.). Here we 
present the data on two samples with critical current den- 
sities j c 2.6 x 10 3 A/cm 2 for sample No. 1 and j c « 400 
A /cm 2 for sample No. 2. The estimated Josephson pen- 
etration depth Xj is much smaller than the width of the 
wide junction, w t - 1725 //m, and larger than the width 
of the narrow junction, w x = 0.7 /mi and u> 5 = 0.5 for 
samples No. 1 and 2, respectively. Thus the behavior of 
the RF SQUID is dictated by the narrow junction only. 
The submicron bridge was formed at a position between 



the defects of the substrate which are visible in Fig. 1. 

In the modified Rifkin-Deaver method, 14 ' 15 the sam- 
ple is inductively coupled to a high-quality parallel res- 
onance circuit (Q = 155 and 165 for samples No. 1 and 
2, respectively) driven at its resonant frequency uq. The 
angular phase shift a between the driving current and 
the voltage across the circuit is measured by a RF lock- 
in voltmeter as a function of the external magnetic flux 
<J>d c , which is conveniently measured in the dimension- 
less units ^pdc = 27r<t>rf f /$o- The phase difference across 
the junction (p was calculated from the a{fdc) data us- 
ing the coupling coefficient between the RF SQUID and 
the tank coil k 2 = 2.6 x ID -3 and 3 fi ■ 10" 3 for samples 
No. 1 and 2, respectively. After inverting the f = f{f>dc) 
function, I (if) can be obtained from »^/(<p) = fdciv) ~ 
where f(<p) = I{<p)/I c , P - 2nLI c /*K. and I = 80 pH 
is the inductance of the RF SQUID The details of the 
experimental method are given elsewhere. 15 
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the negligible high-T values to values comparable to 
at low T, suggesting a common origin of both phenom- 
ena. Furthermore, Fig. 4 shows that close to T*, there 
is a local minimum of the critical current I c as a func- 
tion of 7\ which is associated with the sign change of I\ . 
These results arc in a qualitative agreement with theo- 
retical predictions for 1(f)) of 45° junctions with ideally 
flat interfaces. 17,8 

We can reconstruct the free energy F of the junction 
as a function of f from F(f) = ($ 0 /2n) J* ddl(o). The 
result is shown in Fig. 5. Note that for T < 15 K, the 
free energv minimum of the sample No. 2 moves away 
from f = 0, and the F(f) curve exhibits two degenerate 
minima at f = ±tpo, as observed previously in Rcf. 10 
on asymmetric 45° junctions, see Fig. 5. 
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is ohtamc'l tiy the Fourier aiialy:-.- of 1(f) shown m Fig. 3b. 
Inset: Theoretical prediction for the temperature dependence 

of ; . 71, and j 2 f°i" a junction with = 0.3 and p ~ 0.3 The 
euro r.t d-'asities plotted in ■ ^: 1: t s of the Landau critical 
;ai"--!it de LMty, ri. ■- f-iTipera: ■ ;re is in units of T . 



The measured a( r *,-, ; ) our^- o sh'-v. n in Fig. 2 exhibit 
local minima at low T when fdc is a multiple of 2n. This 
is qualitatively different from what has been observed be- 
fore for 45° symmetric grain boundary Josephson junc- 
tions on samples with w s > 1 fim where no such minima 
were found. 16 We believe that the difference is caused 
by the existence of the bicrystal boundary defects with 
a typical distance ~ 1 fim (see Fig. 1), which cannot be 
avoided for large junctions. 

The Josephson current calculated from the measured 
&(fdc) data is shown in Fig. 3. Note the anomalous form 
of I (if) at low temperatures. The anomalies in sample 
No. 2 arc much more pronounc-xl than in sample No. 1 
We believe this is a combined effect of smaller junction 
cross- sect ions and higher junction quality, as evidenced 
by the inn:.!; J!er values of /, in >ampie No. 2. In Fig. 4 
wf ph»t t v- mm two harn.onur t x arid for the- ounph' 
No. 2. The most striking result is that for '/'* ^ 12 K, ii 
changes sign. In the same temperature region where I\ 
starts to exhibit a downturn, the value of I/2I rises from 



In Fig. 4 we o. ■ uparc the experimental data with a 
theoretical treatment based on the quasiclassical Eilen- 
berger equations which was introduced in the s- wave 
case in Ref. 18 and will be described in detail elsewhere. 
Within our approach the junction is described by two 
phenomenological parameters, the junction transparency 
V and the roughness parameter 0 < p < 00. The tem- 
perature dependence of /1, h, and I c is fit well by our 
theory with V = 0.3 and p - 0.3. The theoretical j c 
is reported in Fig. 4 in units of the Landau critical cur- 
rent density j 0 = kr^o/^od, where A 0 is the gap pa- 
rameter at the interface. The experimental critical cur- 
rent density j c for 45° junctions is smaller than j^ x>lk 
by a factor 13 - 10~ 5 - lir". Remarkably, the abso- 
lute value of j r is also well described by V = 0.3 and 
p — 0 3 In fact. :n l")' 1 juiutions .An can be estimated 
from u A. t /, A'.v 10" 1 1 rneV, and therefore 
Jo/jr UiK ^o/^o" iiK " 10 _ i - dogether with the 

theoretical result j c /jo ~ 10" 3 , this explains the experi- 
mental ratio j c /j] nl]k . 
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Free energy F(v"l 35 a function of the phase dif- 
ference across the w«ak link. The zero of energy has been 
set so that F\0) - 0. (a) Asymmetric 45° grain bound- 
ary (Ref. 10). Top t" bottom curves cornispond to T = 30, 
20 15, 10, and ! 2 I- respectively, (b) c ■ mrnetric 45° grain 
boundary (present work). Top to bottom curves correspond 
to V -20, 15, 11, 10 5, and 1.6 K, respectively 



let us point out that a large 1 2 can 
i real -space scenario, m which it is 

■ ■ rface n--. hi *-ss and/or r win- 
;. .Hi; 1 .ai.«. , Sp< > r 1 T ,i;ai)i!S ma 1 .'- 

v. along the interface 1 ' J -' JU We arc 
lware of any pr-^li' tion of a sign change of / 1 within 
• ■al-space seen. :no But we can rule :t out also in 
• wav. <>n • r . • : ; »-ral c:->'i'- \> T < orrespoiitis 
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.... 1 ft the mi pen 
netic flux is gener; 
not 



■I-;/-.. 

; -i du^ 



ai- space SO. i.i 



/■'. is tin 
• aueous 



■ inv 

:iag- 



.:.g ( onu iy vn- • 'a* 1 ::-; a aneously gener- 

ated tlux is immeasurably small. 21 1 ..c key technological 
question is how to increase the energy barrier between the 
two degenerate minima at ^ = ±^o- An interesting pos- 
sibility seems to be to increase the barrier transparency 
by an appropriate doping of the grain boundary- 22 
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A boundary between two ti-wave superconductors or an s-wave and a d -wave superconductor 
generally breaks time-reversal symmetry and can generate spontaneous currents due to proximity 
effect. On the other hand, surfaces and interfaces in <i-wave superconductors can produce localized 
current-carr\ ing states by supporting the T-breaking combination of dominant and subdominant 
order parameters. We investigate spontaneous currents in the presence of both mechanisms and 
show that at low temperature, counter-intuitively, the subdominant coupling decreases the ampli- 
tude of the spontaneous current due to proximity * -(feet. Superscreening of spontaneous currents 
is demonstrated to be present in any d-d (but not s-d) junction and surface with d +■ id order 
parameter symmetry. We show that this supercn ;ing is the '.* ntribution- m the loral 
magnetic moment of the condensate to the spontaneous current 

, November 12, 2002) 



The time- reversal symmetry (T) breaking on surfaces 
^ and interfaces of superconductors with d-wave orbital 
sO pairing has been intensively investigated in the last years 
1 — • both in theory and experiment [1 8). Several mechanisms 
of T-breaking have been proposed, which fall in two cate- 
1 ' gories: appearance of subdominant order parameter and 
, — . proximity effect [2.3]. 



In the first 
.e dominant < 

-"'.irin.e: ir* 



nit f 



in YBCO [-1]). Ii 
Is is non/fTo, tin 



corresponding, smaller critical temperature i r 2 ■ 1 i»<- 



distinction between the d-d and s-d cases: In the for- 
mer case the superconductor may have local orbital and 
magnetic moments, contributing to the non-dissipat ive 
current. In the latter case such a contribution is absent. 
Our results indicate that in a clean d-d junction all of the 
spontaneous current can be attributed to this "molecu- 
lar currents" mechanism. We also show that this effect 
;^ r ^ •: f spoilt am 11 'lis cu > ■ ' d-d 

JUUCtlni:> . I - ■• ■ ... ■ nee ! >! c< < ' < " ■ f" : im- 

pendent ' ' ' 
Ve us 

cai Kilenbcrger < quatioiis lor Green s 1 unctions integrated 



. .rlaee cur 

; • d.i y 2 ±is or d x 2_ y i x. ui rw conihinat ions are predict' i. 

Tccent observations of : p<-ak splitting in surf.i'-e 

^ tunneling experiments [5] and spontaneous fractional flux 

i-t ' 1-0.2 $o) near the "gr "en phase 1 ' inclusions in YBCO 

-3 ; ~ [6] agree with this picture 

The other possibility arises in a junction between two 
d-wave superconductors with different orientations of the 
order parameter [7]. In this case the two order param- 
eters necessary to form a T-breaking state, d\^, arc 
supplied by the bulk superconductors. The equilibrium 
phase difference across the boundary, <fo, is generally nei- 
ther 0 nor 7T, and therefore the states with d\ + e ±l<t>0 d 2 or- 
denrurs are degenerate and may support spontaneous cur- 
rent The same mc <xn applies in c;ise of a r ■ \\ ndar y 
between an 5- and a d-wavc superconductor 

In order to invent i> r ate the interplay of both mecha- 
ni . in this If" 1 !'; ;■ ..'nn^rlrr d-d a::'! ic f < ■: !;i ■■■ - 

,r, v.-T : 1 l(i'. . . ,1 . / W -I:" . • ! 1'.. l ■ ■ I . \.- 

will see that generally the spontaneous currents due to 
proximity effect are suppressed by the existence of sub- 
dominant order parameter. There is also an important 



' S :v ^ is the Mat-::' 



u. r and 
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Here is the matrix Green's function and A is the 
superconducting order parameter. They both are func- 
tions of Fermi velocity vp and position r. We also need 

to satisfy the normalization condition <j w 

In general case A depends on the direction of the vector 

v F and is determined by the self-consistency equation 
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21.) densitv of states and 
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( is the averag- 



ing over 



direct ions of 2D vector \y (ry cos 0, v F sin 0). 
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(a) 



(b) 



(2) 
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FIC 1. <' 0 Spontaneous current for t/-(i and .s-rf junctions. 
The boundary is lucated at x — 0. Calculations axe dune at 
f - T/Tr 0.0',. with Tr2 = i] ! ' ;V ^ f° r the d-d ease and 
7;, = O.lTr and 7V 2 = 0.057^ for the s-d junction (b) Spon- 
taneous current at the (110)- surface of a d-wave supercon- 
ductor at t = 0.0 r > with T c2 = T r3 = 0.1 T c for both 5 or d xy 
subdominant order parameters. 

In general it is possible to obtain a mixture of different 
symmetries of the order parameter, A(0) = A r 2__ y2 (#) + 
A xy (0) + A 5 where A l2 _ y2 (0) = A lC os20, A xy {0) - 
A 2 sin 20 and A 5 are the d x a _ y 7 , d xy , and the s- wave com- 
ponents of the order parameter respectively. The corre- 
sponding interaction potential, V eo - V d i cos 20 cos 2(V + 
Vd2 sin 20 sin 20' f V s . must be substituted in the self- 
consistency equation (2) for the order parameter in each 
channel. The current density j(r) is found from the so- 
lution of the matrix equation (1) as 

j(r) = -4-i(:A r (0)7'V] < v,. : ;_ v,. .r; > Q . (li) 

Mere wo consider three ■ .-..-es, (i) b^;:i. .-y between 
two semi-infinite d-wave superconductors with crystalo- 
graphic orientations with respect to the boundary given 
by angles \i anc » Xr ("d-d interface 11 ), (ii) boundary be- 
tween an s-wave and a d-wave superconductor with 45° 
orientation ("45° s- d interface 1 ' ), and (iii) (HO)-surfaceof 
a d-wave superconductor. In all three cases it is possible 
to have time reversal symmetry breaking ground state. 
The direction and magnitude of the spontaneous current 
depends on the relative phases of the order parameters. 

Assuming constant order parameters on both sides 
of an interface, one can obtain an analytical (non- 
selfconsistent) expression for the current density 



j(x) = 47reiV(0)rsin<£ 

vpAjA r sign(cos0) 



u;>0 



fi/fi r + w 2 + A/A r cos0 



(4) 

,-2|x|fi /\v 



where / (r) labels left (right) side of the interface, and 
H t = y/u? 2 + I A t | 2 . This expression is valid for arbi- 
trary symmetry of the order parameters A/ r . For a 
d-d 'interface we have A, " \AT)ct*2(0 - \t) ;uid 
A. - A .!7 • ._ where A. /'; depends <m the 

superconducting coupling and temperature. 

Our numerical calculations were based on Schopohl- 
Maki parameterization of Green's functions (11) , 
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w ]< '- T fa) Spontaneous currents t> 0 --■*> ) rm-'t 1. -us 
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:» ::: at in. perfect (0 r -4.V) junctions. Se-Hd junction with 

transparency Do — 0.3. Dashed line: junction with roughness 
p 0 T All calculations are done at f = 0.1. 
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which transforms Eq. (1) into 

v r -Va = 2wa - A'a 2 + A 

-v r ■ Va ! = 2^a r - Aa t2 + AV 



(5) 
(6) 



For positive v x . Hq. (5) Tup ((>)) is stable if t Ih^ bound- 
ary condition at .r * - v is chosen. The opposite 
is true for negative r z . We use the solutions in a homo- 
geneous system, a - A/u- + H) and a x - A"/(u; f H) 
as boundar> conditions at ^ ?c. The values of a (a f ) at 
other po,m.- ( >n t.i.e trajeetory are then < ;'>ijy itunui. 
The self-consistency is introduced through iterations, as- 
suming a constant order parameter in either half of the 
.•An for • ■ v.aio: 
Fig. la shows the spatial distribution ot the sponta- 
neous current in di- t and s-d junctions. The left super- 
conuctor is a d-wavc superconductor with 45° crystal ori- 
entation with respect to the boundary. The right side is 
either an 5- wave or a d-wave superconductor aligned with 
th^ h'-etidary. The current distribution ; - qunl'^itivelv 
dilferent in s-d and d-d junctions. In the d-d case, the 
'•tirrent density is at maximum in a hi- -t of width, of 
about coherence length, £ 0 = vf/ttA, along the bound- 
ary; there also exists a counter-flow, spread over about 
10£ 0 on either side of the boundary. The total current in 
y-direction is zero within the numerical accuracy, inde- 
pendently on the right and left sides of the junction. This 
effect can be called "superscreening" , since the resulting 
magnetic field of the spontaneous current is cancelled on 
the scale of ~ 10£o <; A L , Aj, the London and Josephson 
magnetic penetration depths. Note that this has noth- 
ing to do with the Meissner screening; it appears without 
taking into account the vector potential of the magnetic 
field of the current (and makes it unnecessary) [12] On 
the oMare.-v, in t junct n >n the ( nnnt^r-tl' >ws ao 1 

a! :-f:t {U'lle,.;., the Meis. !:■ [" etfe. t is tar - U into aCCOllilt 

The same situation takes place near the surface, ?/thc 
subdominant pairing is present. Fig. \b shows the cur- 
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FIG. 3. The effect of subdominant interaction on the spon- 
taneous current js (> J y (x -= 0)) at the surface of a d wave 
superconductor A second order phase transition happens at 

r = r 'm r, 
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FIG. 4. Suppression of spontaneous current by subdomi- 
nant order parameter, (a) A d-d gram boundary, (b) An a-d 
interface. In the s-d case, we have taken the same T, for both 
sides and also T, = T f --j. 



:> distribution at the ( 1 10)-surface of a d-wave super- 
conductor If d xy is the leading subdominant order pa- 
rameter, the form of th^ current distribution is similar 
to the one in the d-d boundary. The superscrecning is 
absent if the subdominant order parameter is s-wave. 

The super-screening effect can be obtained analytically 
from the non-selfconsistent expression (4) in case of 0-45° 
junction The nullification of the total current results 
from integiating the spontaneous current 



A,A r sin0 sign(cos0} v F \cos0\ 



>o sin O 



which is zero after angle avei .-. .;ing. Our numeric ai cal- 
culations however show that in clean boundary junct ions 
th' 1 ; ' ' r-urrent i- ;tero (wit!-:: 1 . 'he numerical accuracy t 
even am.; self-consi.-t ♦ nt c^:,;. .ti< -u and at a.i oth-.-i mis- 
orientation angles (^^ Fig. 2a). 

To understand the situation, let us recall that in a 
system with local magnetic moment density m[r) the 
"molecular currents" flow with density j(r) =cV > m(r). 
In a superconductor with order parameter d x t_ y -2 + 



-•rbital/magneti .aoment density 



m(r)cx£ / — (A!(x)cos25 +■ A 2 (x)e- l *° sin20) 
Jo 27r 



K i do 



(Ai (x) cos 20 + A 2 (x)e l *° sin 20) 
2Ai(x)A 2 (x)zsin 0 O . 



The contribution to the spontaneous current is thus 
j(r) cx V « m(r) || y. Notice that the same expression is 
obtained from the Ginzburg-Landau equations [13] (j ex 
V x (z hn di(r)d 2 {ry)). The total current in y-dircction 
due to this mechanism is / t( , ta i f Q dS V >: ni - 
f rtu d\ ■ m := 0, where U is a cross section perpendicu- 
lar to the imicMuii trom x -■ x to x and is its 
boundan-. The latter integral is obviously zero because 
al in U iin xj everywhere except where the contour 
closes (x = boo), but there m ^ 0. This is certainly not 
the case in s-d junctions (cf. Fig. 1). (Of course, since 



the Meissner currents must be taken into account in this 
case, the results presented in Fig. 1 arc valid only if the 
system size is much less than the London penetration 
depth.) 

We also calculate the spontaneous current for an im- 
perfect boundary, i.e a boundary with arbitrary trans- 
parency Do and also with finite roughness p. We use 
Zaitsev's boundary condition [14.15] to incorporate the 
finite transparency effect. For surface roughness we as- 
sume a thin layer with scattering centers at the junction 
[16]. We take the mean free path / and the layer thick- 
ness d to zero while keeping p ~ d/l finite. The details of 
calculation- will be given in a s« i p;<rato publication. Hero 
we only present the results of our calculation for ^sym- 
metric (0°-45 c ) d-d junction in Fig. 26. As is clearly 
mth \ht- -nontaneous current- iv '.v < hu < not necessarily 
have a ^ ounter How (at small p or / >.■> ~ 1 there wul be 
some count erflow), and the exact supersreemng no longer 
takes place 1 . They are now carried merely by Andreev 
bound states at the interface, the same as in s-d or SND 
[8] junctions. Although near realistic surfaces/interfaces 
with d-d ordering the superscrecning is not complete, the 
magnetic fields created by the spontaneous curre:.'.- an- 
nevertheless suppressed on very short distances. This 
can be practically important for attempting to build a 
"quiet" qubit based on such junctions [17]. 

Fig. 3 presents the spontaneous current as a function 
of the subdominant critical temperature T c2 at the ( 1 10)- 
surface of a d-wave suprconductor. One notices that the 
spontaneous current vanishes when T c2 < T. In fact, at 
temperatures below T = T c2 the subdominant order pa- 
rameter starts to appear at the surface through a second- 
order phase transition. Spontaneous symmetry breaking 
and generation of the spontaneous current are the con- 
sequences of the emergence of this second order parame- 
ter. The symmetry of the subdominant order parameter 
is dictated bv whichever channel .< or d r ,, \ has stronger 
interaction potential. 

In • !:<• <1 :/ and .-. d n:!> : :'ac - . ' o! !.■ : hand. '!:. 
dominant order parameter is induced by the proximity to 
a different superconductor. One important difference is 
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FIG. 5. The DND and SND model of a T- breaking junc- 
tion, (a) DND junction. The normal region contains cur- 
rent-carding Andreev bound states (arrows); in equilibrium 
net current across the boundary is zero, while the spontaneous 
currents flow along the normal layer (above). If subdominant 
order parameter is present, the additional set of Andreev lev- 
els in equilibrium carries spontaneous current in the opposite 
direction (below). The model gives the ..arne predictions for 
SND case (b). 



that unlike the surface case, at the d-d or s-d interfaces 
the presence of the subdominant order parameter is not 
necessary for generation of spontaneous current. From 
Kqs. (3) and (1) we see that it is the Green's function 
(the pairing amplitude), not the order parameter (pair- 
ing potential], which determines the current. In fact, 
the presence of subdominant order parameter does not 
always increase the spontaneous current. At. low tem- 
peratures, it actually d>rreast:s the .spontaneous current 
[IS]. This counter-intuitive effect is displayed in Fig. -1 
in which the spontaneous current is plotted as a func- 
o;'T; 2 - The tempera;^.:. . ■ 1 in ■ -'.lions i> 
: 0. 1 and we take the same T c for both d and 5- wave 
superconductors. Increasing 7>j increases the interaction 
in the subdominant channel and therefore the magnitude 
of the subdominant order parameter. The spontaneous 
current on the other hand decreases with increasing T c2 - 
The situation is the same for both d-d and s-d interfaces. 

The decrease of the spontaneous currents when there is 
interaction in the subdominant channel may seem para- 
doxical. Nevertheless it is easy to understand in the 
OND- model of T-breaking junction. [8,19] (Fig. 5). First 
isider the case without subdominant order parameters. 
.l :*e spontaneous currents in this model flow exclusively 
within the normal layer and are carried by "zero" and 
"tt"- Andreev bound states, which connect the lobes of 
d-wave order parameter with the same and opposite signs 
respectively: in equilibrium there is no net current across 
the boundary. Now let us assume that the subdominant 
order parameters are present. Due to continuity, they 
must have the same phase as the dominant order param- 
eter on the ottier side (Fig. 5). Therefore now we will 
have *wo e>:i-a ^' l ts ' >f * urrent -carry ing Andreev .-tate>, 
r he ones In. king t tie ^u f 'd( > r 'rri <i t< { order parann'f * rs , and 
it is obvious that the spontaneous currents tney carry 
will always flow opposite to the currents carried by the 
"dominant-dominant" states. 



■.Mnckision, we have invest : - . the - p"nta:.- ■ 
currents near the surface and d-d and s-d boundaries in 
J-wave superconductors. We obtained the contributions 
to the spontaneous currents due to the proximity effect 
and due to the subdominant order parameter generation, 
and found that at interfaces the latter generally dec r cases 
the magnitude of the effect. In d-d junctions, we sepa- 
rated the contribution from the local orbital/magnetic 
moment of the condensate; this contribution dominates 
spontaneous currents in clean d-d junctions, which ex- 
plains the superscreening of the spontaneous currents in 
such systems. 

We would like to thank S. Rashkeev, G. Hose, A. 
Smirnov and I. Herbut for helpful discussions. 
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(b) 



So far we have considered the case when the energy of the particle is 
specified exactly. But suppose the particle had been prepared, as in 
real life, with an imprecisely specified energy. What is the form of its 
wavefunction? Since the energy is imprecise, the wavefunction has to 
be expressed as a superposition of wavefunctions, each one corres- 
ponding to a different energy. That is, we form a wavepacket. For 
example, suppose the particle corresponds to a bullet fired towards 
positive x, then we know that its wavefunction must be a superposition 
of functions of the form e ,k * with a range of values of k corresponding 
to the range of momenta (or kinetic energies) over which the prepara- 
tion of the state is uncertain (e.g. uncertainties in the explosion 
characteristics of the gunpowder). We know that bullets appear to 
move, and this is a signal that we are dealing with time-dependent 
behaviour. Therefore we need to express the superposition in terms of 
time-dependent wavefunctions. 

We have already seen how to add the time-dependent phase factor 
to wavefunctions of definite energy (p. 30). In the present case we 
know that a wavefunction e ,k * corresponds to an energy E = k 2 fi /2m, 
and so its full, time-dependent form is 

* k (x, t) = Ae ik *e- iEl/ * = Ae' k ^ ,k2A,/2m (3-1.6) 
The superposition corresponding to the wavepacket prepared when the 
trigger was pulled is a sum of such functions, each one weighted with 
some coefficient, which we write g(k), called the shape function of the 
packet. Since k is a continuously variable parameter the sum is really 
an integral over K and so the wavepacket has the mathematical form 




* = g(fc)¥ k (x, Odfc. 



(3.1.7) 



Fig. 3.2. A wavepacket (a) ini- 
tially and (b) later. 



The pictorial form of such a packet is shown in Fig. 3.2(a). You can see 
that on account of the interference between the waves, at one instant it 
has a strong amplitude at one point of space (inside the barrel), but 
because the time-dependent factor affects the phases of the waves 
forming the superposition, the region of constructive interference 
changes with time, Fig. 3.2(b). It is not hard to believe that the centre 
of the packet moves to the right (towards the target), and this is 
confirmed by the mathematical analysis of its motion given in Appen- 
dix 3 (the packet also spreads). The classical motion of a particle (such 
as a bullet) is captured by the motion of the wavepacket, and once 
again we see how classical mechanics emerges as an imprecise form of 
quantum mechanics. In the present case, the imprecision is in the 
specification of the initial conditions, the state of preparation, of the 
projectile. This aspect will recur throughout this chapter. 

3.2 Potential barriers and tunnelling 

A highly instructive extension of the results for free translational 
motion is to the case where the potential energy varies as depicted in 
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Exact solutions: linear motion 



(a) 



(b) 



Fig. 3.3. (a) A potential barrier; 
(b) an infinitely thick wall. 



Fig. 3.3(a). This can be regarded as an idealization of a particle 
penetrating a thin foil. Classically we know what happens: if the 
particle is shot from the left, it will penetrate only if its initial energy is 
greater than the potential energy it possesses when embedded in the 
foil, otherwise it will be reflected. But what does quantum mechanics 
predict? 

The Schrodinger equation for the problem falls apart into three 
equations, one for each of the zones. The hamiltonians for each zone 
are 



Zone A 
Zone B 
Zone C 



H = -(fc 2 /2m)(d 2 /dx 2 ), 
H = -(ft 2 /2m)(d 2 /dx 2 ) + \\ 
H = -(n 2 /2m)(d 2 /dx 2 ) 



x<0 
0<jc = 
x> L 



(3.2.1a) 
(3.2.1b) 
(3.2.1c) 



The corresponding equations each have the form for free-particle 
motion (but with E- V in place of E for Zone B). Therefore we can 
write down the solutions by referring to eqn (3.1.2): 



Zone A 
Zone B 
Zone C 



$ = Ae ,kx +Be lk \ 
i/f = A'e ik ' x +B'e- ik ' x , 
= A"e lkx + B"e _,k \ 



k =(2mE/h 2 )K (3.2.2a) 
k'={2m(E-V)Ih 2 }K (3.2.2b) 
k=(2mElh 2 ) k -. (3.2.2c) 



We shall concentrate on the case when E is less than V, so that 
classically the particle cannot penetrate the barier. This has an im- 
mediate and important effect on the form of the wavefunction for 
Zone B, because when E< V, k' is imaginary. Therefore, if we write 
k' = iK where k is the real quantity {2m( V - E)/h 2 }\ we find 



Zone B: i/r - A'e~ KX + B'e* x 



(3.2.3) 



which is a mixture of decaying and increasing exponential functions: a 
wavefunction does not oscillate when E < V. 

If the barrier is infinitely wide (when the foil is armour plate) the 
increasing exponential must be ruled out because it leads to an infinite 
amplitude, which conflicts with the Born interpretation. Therefore 
inside a barrier like that shown in Fig. 3.3(b) the wavefunction must be 
simply a decaying exponential function e~ K \ The important point is 
that the amplitude is not zero inside the barrier, and so the particle may 
be found inside a classically forbidden region. This effect is called 
penetration of a barrier. The rapidity with which the wavefunction 
decays to zero depends sharply on the mass of the particle and the 
value of V-E, and macroscopic particles have wavefunctions that 
decay so quickly with distance that for all practical purposes they do 
not penetrate the classically forbidden zone. An electron or a proton, 
on the other hand, may penetrate a forbidden zone to an appreciable 
extent. For example, a 1 eV electron (an electron accelerated through 
a potential difference of 1 V and therefore having an energy E = e > 
(1 V)=1.6xlO" 19 CV = 1.6x 10" 19 J) incident on a potential barrier 
equivalent to 2 V (and therefore to a potential energy 3.2xl(T 19 J 
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when the electron is inside it) has a wavefunction that decays with 
distance as e" 5 A2ixJnm \ and so it has decayed to 1/e of its initial value 
only after 0.20 nm, or about the diameter of an atom. Hence penetra- 
tion can have very important effects on processes at surfaces (e.g. 
electrodes) and for all events on an atomic scale. 

When the barrier is not of infinite width, the increasing exponential 
component of the Zone B wavefunction is not ruled out because it 
does not necessarily rise to an infinite amplitude before the potential 
has dropped back to zero again. Therefore the coefficient B' is not 
necessarily zero. The values of the coefficients are established by using 
the other criteria for acceptable wavefunctions set out in Chapter 2, 
and in particular the requirement that they and their slopes be continu- 
ous. This continuity condition lets us match the wavefunction at the 
points where the zones meet, and therefore to find values for the 
coefficients. For example, the continuity of the amplitudes at x = 0 and 
at x = 1 leads to the two conditions 

A + B = A' + B'; A'e' Ki + B'e K ' = A"e ,kl + B"c' ik \ (3.2.4a) 

and the continuity of the slopes at the same two points leads to 

ikA - ikB = -kA' + kB'; - kA e Ki + kBV 1 = ifcA"e iM - ikBV u 

(3.2.4b) 

which is almost enough to determine the six coefficients. 

Consider the case where particles are prepared with a momentum 
carrying them towards the right. Then we can immediately infer that 
the coefficient B" must be zero, because the wavefunction B"e~ lkx 
denotes the presence of particles travelling to the left on the right-hand 
side of the barrier, and there can be no such particles. There may be 
particles on the left of the barrier travelling to the left, because the 
barrier reflects the incoming particles. We can therefore identify the 
coefficient B as determining (via \B\ 2 ) the probability that the prepared 
state particles are reflected from the barrier, and the coefficient A" as 
the probability (via |A'f) that the particle penetrates the barrier and 
emerges on the other side to travel there with momentum kh to the 
right. We shall use the relations between the coefficients established 
above to compute the ratio |A"| 2 /|A| 2 = P, the transmission probability, 
the probability that a particle incident on the left of the barrier 
emerges on the right. 

The calculation involves elementary manipulations of the relations in 
eqn (3.2.4); the result is that 

P=1/(1 + GV G = (eK '~ e K ' )2 , K=(2m(V-£)/ft 2 }i. 
/U h 4(E/V)(l-£/W 

(3.2.5) 

The important feature of this result is that P may be non-zero; that is, 
the particle may tunnel through the barrier, even though £ is less than 
V. This phenomenon is an entirely quantum mechanical property, and 
depends on the fact that a wavefunction does not fall abruptly to zero 
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inside a region where ,ts potential energy ^f^^™^ 
amplitude may be non-zero on the other s.de of the harper, 
may burst into undamped oscillation again. 

Tunnelling ,s sharply dependent on the mass of hep 
height of the barrier relative to the = modem energy. The 

calculation carr.es through in the same P< , ; n th e quantum 

«o^; ^ Thf interesting feature is tnat r i »i m 

manifesting itself in the same way in the ™ ^ and 
Tunn elHng is an mportan property of ^ 
deuterons, and has a number jm dependence than 

potential energies then have a more complex pes i 

high nor too wide. 




3 3 Particle in a box 

Now we turn to the case where the ^tiele is con £ J 
region of space of length L ™ e ^ ^ y w 

potential energy that ,s zero msdethe ^ square well , 

infinity at the edges, Fig. 3.5. mis in steepness with 

or the pa.Ce in a box. the Rareness «fer mg to^ the s.p ^ ^ 
which the potential energy of the particle quantized. 
r^eXf S« S £. pW 

"Setamittonian opera,™ fo, the inSni.ely deep square well is 



3.0 4.0 
E/V 

Fig. 3.4. Tunnelling probabilities 
for protons and deuterons (V- 
5 eV, 1 = 0.1 nm). 



H = _(fr 2 /2m)(d 2 /dx 2 )+ V(x); 
fO for 0 ^ x < L 
V ^=U for 



(3.3.1) 



x < 0 and x > L. 



Because .he po.en.ral cnerg, o. a ^"^s^.rfied'b, 
infinitely great, it canno, p«ne.r..e tar. ^^S^ « 
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Macroscopic Quantum Tunneling in \-pm Nb Josephson Junctions 

Richard F. Voss and Richard A. Webb 
IBM Thomas J. Watson Research Center, Yorktoum Heights, New York 10598 
(Received 24 April 1981) 

The probability distributions for switching out of the superconducting state of low- cur- 
rent-density l-/im Nb Josephson junctions with capacitance »0.1 pF have been measured 
as a function of temperature T down to 3 mK. Below 100 mK the distribution widths be- 
come independent of T. The results are In excellent agreement with predictions for the 
quantum tunneling of the (macroscopic) junction phase that include the reduction of tun- 
neling rates due to dissipation. 



PACS numbers: 74.50. + r, 05.30.-d, 05.40. + J 

At high temperatures a macroscopic system in 
a metastable state undergoes transitions to a 
lower energy state via thermal excitation over 
the intervening barrier. At sufficiently low T, 
however, transitions can only occur via a quan- 
tum mechanical tunneling through the barrier. 
This latter process, known as macroscopic quan- 
tum tunneling (MQT), is of great theoretical and 
experimental interest. 1 " 8 Both Josephson junc- 
tions and superconducting loops containing a junc- 
tion have been proposed as possible experimental 
systems for the study of these transitions. Un- 
like microscopic tunneling, MQT involves the 
collective behavior of many degrees of freedom 
and macroscopic dissipation is expected to play 
an important role. 3 " 5 Although recent experi- 
ments on superconducting loops (rf SQUID' s) 
have been interpreted in terms of MQT, 7,8 such 
interpretations are doubtful. Not only are the 
measurements rather indirect, but the Josephson 
elements (point contacts) are not well charac- 
terized and the effects require much higher 
tunneling rates than expected for a reasonable 
choice of junction parameters. On the other 
hand, preliminary measurements on high -cur rent - 
density junctions 9 from 1.5 to 4.2 K show tem- 
perature-dependent rates smaller than expected 
from a simple WKB calculation. In this Letter, 
we show that careful measurements on well 
characterized low-current -density Josephson 
junctions down to 3 mK give tunneling rates in 
excellent agreement with theoretical predictions 3 * 4 
that include a reduction due to dissipation. 

The classical equation of motion of a Joseph- 
son junction of critical current I c (supercurrent 
/ o sin0 where 9 is the phase difference across the 
junction) shunted by a resistance R and capaci- 
tance C and driven by an external constant cur- 
rent / can be written in the form 



The junction voltage V = <p 0 8/2n =s, where ip 0 is 
the flux quantum. This formulation corresponds 
to the motion of a particle of mass C in the one- 
dimensional potential 

For x =I/I c <l f U{s) consists of a series of wells 
separated by barriers of height 

Hit) = (I c <p 0 /*)[(l -X 2 ) 1 * 2 -x cos* 1 * ] - *w 0 /2 , 

which is reduced by the zero -point energy tiwjl. 
The natural frequency of the particle in the well, 
w w is related to the Josephson frequency u>j 
= {2nI e /<p 0 C) l/2 of the junction by w 0 = w, (1 -% 2 ) !/ \ 
Confinement in a single well corresponds to the 
superconducting state of the junction. For /9 C 
= {u) s RC) 2 = 2tt 1 c R 2 C/<p 0 2 1, the motion is under- 
damped and a transition out of the well leads to 
continuous motion of the particle down the poten- 
tial and a switching to the finite voltage state in 
the junction. 

At high temperatures the transition rate out of 
the metastable state is dominated by thermal 
activation over the barrier H{x). The thermal 
rate, 

T lh -^(u> 0 /2n)eM-H{x)/k t T}, (2) 

has been well verified 10 for junctions above 1.5 K. 
As 7-0 the transition rate is dominated by the 
quantum mechanical tunneling of the macroscopic 
junction phase. Path integral techniques 3 ' 4 can 
be used to calculate the tunneling rate and the re- 
sult can be cast in the form 

where 

(4) 



R BS 



(1) 



b = 



HR 
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The first term in Eq. (4) is the usual tunneling 
exponent (in a form similar to the WKB calcula- 
tion 2 for the superconducting ring) while a is a 
factor depending on the shape of the barrier (a 
= 7.2 for a cubic potential appropriate to a junc- 
tion 4 with / near 7 C ). The second term represents 
the lowest-order dissipative corrections, where 
A is a numerical factor of order unity and As is 
the distance under the barrier. Near its max- 
imum U{s)«H{x)-w 0 2 Cs 2 /2 f (A5) 2 »8i/(x)/u> 0 2 C, 
and 

b * (7.2 + 8i4/woRC)//0ic)/«w o . (5) 

In the absence of dissipation, we expect a transi- 
tion from thermal activation to tunneling when 
kiT*ftwJl. In the above formulation dissipation 
reduces the crossover temperature. Although 
increases with dissipation have also been pre- 
dicted, 5 Eqs. (3) and (5) provide a convenient 
framework for comparison with experiment. 

The junctions used in the experiment were pat- 
terned on Si chips with use of electron beam li- 
thography in a crossed strip geometry with an 
overlap area of l^m. 2 Both base and counter elec- 
trodes were made of electron beam evaporated 
NbwithT c «9K. An rf plasma discharge was 
used to grow the oxide tunnel barrier. Similar 
junctions have been extensively studied for dc 
SQUID's and other applications. 11 The capacitance 
of the junctions is estimated both from dc SQUID 
resonances 12 and oxide studies 13 to be 0.1 ±0.2 
pF. The junctions had a uniform critical current 
density as evidenced by the fact that I c could be 
modulated to near zero with a magnetic field. 

The samples were placed inside the copper mix- 
ing chamber of a dilution refrigerator to ensure 
maximum thermal coupling. A low -frequency 
sinusoidal current (amplitude *2/ c ) was applied 
to the junction and the distribution of currents at 
which the junction switched out of the supercon- 
ducting state was measured. Extensive efforts 
were made to isolate the sample from external 
noise. Connections to room -temperature elec- 
tronics were made through cooled resistors. 
The large cable capacitance together with the 2- 
kO resistors and large sample impedance gave 
electrical cutoff frequencies si kHz. The com- 
puterized measurement apparatus was located 
outside the screened room that contained the 
refrigerator and a series of isolation amplifiers 
and filters. The low current densities and slow 
(10-20 Hz) current sweeps ensured that the junc- 
tions were at the bath temperature in the super- 
conducting state with no dissipation prior to 



switching. In fact, measurements using the same 
apparatus on other samples (two-dimensional 
arrays of 20 000 l-jim Nb junctions) of compara- 
ble impedance and I c on the same chip showed 
temperature -dependent effects well below 20 mK. 

Typical distributions consisted of 200 000 events 
measured over about five hours at constant tem- 
perature. Figure 1 shows a series of switching 
probability distributions P(I) versus applied cur- 
rent I at various T for a junction with a maximum 
/ c el.6 i±A. As T is lowered P{I) narrows and 
moves to higher /. All P{I) have a characteristic 
asymmetry with a tail at low I and a more abrupt 
cutoff at high I as expected from theory. With 
the measurement of the complete P{I) we could 
ensure that neither low -frequency noise [which 
would smear out P{I) to approach a Gaussian dis- 
tribution] nor external transients [p{I) indepen- 
dent of / at low /] influenced the switching. 

The inset shows the highly hysteretic (^ c e50) 
I-V characteristic of the sample at 95 mK. As 
is common in all-Nb junctions, the samples had 
a significant normal conductance, similar to an 
external shunt, in parallel with the usual tunnel- 
ing currents. Although undesirable for many 
digital applications, this temperature -independent 
(below 2 K) conductance provided a well-defined 
R [appropriate for Eq. (1)] that we shall use for 
comparison with theory. 

The measured P{I) can be related 10 to the tran- 
sition rate r~ l (I) by 

P(I) = t-V) I dI/dt\-\ 1 - l'p(i)di ]. 
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FIG. 1. Switching distribution P (I ) vs / out of the 
superconducting state for a 1-nm Nb junction at var- 
ious T . Inset shows four traces of the I-V charactis- 
tic at 95 mK. 
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Figure 2(a) shows r -1 U) calculated from the 
measured P(I) of the junction in Fig. 1. Figure 
2(b) shows r~ l (I) calculated from the P(I) for a 
junction with an order of magnitude smaller l c 
and smaller damping (/3 C **5000). In both cases, 
Inr"^/) is roughly proportional to /. As T de- 
creases t~ 1 (I) moves to higher J and the slope 
of lnr _1 U) increases. For 7^100 mK there is 
little change in either the slope shown in Fig, 2 
or the width of i>(/). I ct however, continues to 
increase slightly as T is lowered. 

The I c of each junction is estimated by fitting 
the high-T t _1 (/) to Eq. (2). Such fits are very 
sensitive to small changes in I c and are accurate 
to within 5%. For the high-/ c junction we find l c 
= 1.62 /iA and for the low-/ c junction I c = 162 nA. 
These fits are shown as the solid lines marked 
'thermaT" in Fig. 2. Since the Nb T c -9 K and 
the measured R was independent of T for T ^ 2 K, 
we believe that I c is also independent of T in this 
range. 




t (nA) 

FIG. 2. Transition rates t" ! (/) from the measured 
P(I) for two Junctions, (a) I c jiA, R = 320 ii . 

(b) I c ~ 162 nA, R ~ 10 kSJ . High-T theoretical thermal 
rates are shown as solid lines; MQT rates without 
damping are shown as dashed lines, with damping as 
dotted lines. 



Using the above values of I c with C = 0.1 pF we 
can estimate the tunneling rates from Eq. (3). 
The estimates without dissipation [A = 0 in Eq. 
(5)] are shown as the dashed lines in Fig. 2. In 
Fig. 2(a) the measured low -temperature rates 
fall significantly below this prediction, while in 
Fig. 2(b) the estimate is fairly accurate. The re- 
sults are thus consistent with the effect of in- 
creased dissipation giving a smaller rate. In- 
deed, if we treat the numerical factor A in Eq. 
(5) as an adjustable parameter, excellent agree- 
ment of the data is found for A =4.5. This tunnel- 
ing rate, corrected for dissipation (A = 4.5), is 
shown as the dotted lines in Fig. 2. 

An alternate method of displaying the data is 
presented in Fig. 3 which shows the width of the 
distribution P(i), M=<(/-0» 2 > 1/2 , vs T. As 
expected A/ [which is proportional to the inverse 
slope of lnT -1 U) vs /] becomes independent of T 
at low T. Also shown are the expected theoretical 
widths for thermal activation [Eq. (2)] and MQT 
tunneling with (A =4.5) and without (A =0) damp- 
ing from Eqs. (3) and (5). It should be empha- 
sized that there is little freedom in determining 
the junction parameters l ct C, and R and that the 
only really adjustable parameter is the damping 
factor A (which has little effect on the low-/ c 
junction). 

We believe that the measurements presented 
here are the first compelling evidence for the 
existence of quantum tunneling of a macroscopic 
variable. In fact, the low-/,., high-/3 c sample 



' T r~ 



1 .62*iA measured P(l) width 
1 62nA measured P(l) width 
- thermal activation 

MQT theory, no damping 
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FIG. 3. Measured P (I ) widths A/ = » 2 ) 1/2 vs 

T for the two junctions. Theoretical predictions for 
thermal activation and MQT rates with and without 
damping are also shown. 
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shows a behavior close to the undamped predic- 
tions, while the higher -7 C sample demonstrates 
the reduction of tunneling rates due to dissipa- 
tion. This reduction is consistent with the tem- 
perature-dependent rates found in high -current - 
density junctions. 8 The use of well characterized 
junctions [independent estimate of C and direct 
measurement of R{f)], the extension to very low 
temperatures, and the detailed measurement of 
P{I) were important in being able to rule out 
extraneous effects and interpret the data within 
a theoretical framework. Although the observed 
reduction in tunneling rate (A=»4.5) is slightly 
greater than the expected A « 1, the magnitude 
is still reasonable. It is possible that the ap- 
propriate R in Eq. (5) is not the measured dc 
resistance near the origin (as used here) but 
either the high-frequency resistance or the quasi - 
particle resistance above the gap (in which case 
>l»l. 5). Additional theoretical work is needed 
both on the effect of nonlinear and frequency -de- 
pendent damping and on the actual form of the 
crossover from thermal activation to macro- 
scopic tunneling. 

We acknowledge helpful discussions with A. J. 
Leggett, S. Kirkpatrick, and Y. Imry as well as 
the expertise of R. Laibowitz and S. Raider in 



preparing the all-Nb junctions. 
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Evidence for Elastic Disorder in the Elastically Ordered Phase of KCN 
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We have obtained evidence from 13 C NMR measurements that the CN~ ion in the elasti- 
cally ordered phase of KCN is misoriented slightly with respect to the orthorhombic b axis. 
This misorientation varies randomly over the lattice, averaging to zero on a macroscopic 
scale. The misorientations are manifested through small-angle CN* reorientations which 
contribute to the spin-lattice relaxation time T x of the n C nuclei, via dipolar interactions 
and chemical shift anisotropy. 



PACS numbers: 76.60.Es, 61.50.-f, <U.16.Hn 
Potassium cyanide (KCN) exhibits an elastical- 
ly ordered phase (below 168 °K) in which the CN~ 
molecules are aligned parallel to the b axis in an 
orthorhombic crystal structure 1 * 2 (see Fig. 1). 
In this phase, the CN* molecules are disordered 
with respect to head-to-tail alignment and under- 
go random head-to-tail reorientations. The struc- 
ture and dynamics of this system have been of 
considerable interest in recent years. 3-7 



We have studied this system by NMR of 13 C and 
from our results have been forced to conclude 
that, in the elastically ordered phase of KCN, 
sma//-angle reorientations as well as head-to- 
tail reorientations are taking place. This effect 
arises from the head-to-tail disorder of the CN* 
molecules. Since the CN* molecule is slightly 
different with respect to head and tail, this dis- 
order breaks the orthorhombic symmetry of the 
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The Physical Implementation of Quantum Computation 
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Abstract 

273 

After a bnef introduction to the principles and promise of quantum information processing, the require- 
ments for the physical implementation of quantum computation are discussed. These five requirements, 
plus two relating to the communiciipon of quantum information, are extensively explored and related to 
the many schemes in atomic phv ■-. quantum \ntics, nuclear and electron magnetic resonance ■.peciro- 
. . supr J •. •• g . q .,: Jot phy.es. :>■■: achieving ^i.;antum . : 



The advent of quantum information processing, as an ab.stract concept, has given birth to a 
325 great deal of new thinking, of a very concrete form, about how to create physical comput- 

devices that operate in the hitherto unexplored quantum mechanical regime. The efforts 
iv J ; M\\av to produce working laboratory devices that pern 1 this profoundly new 



In this chapter i provide an overview of the common objectives ot the ,:o csiig.iL;o,i.s 
:, v <TV.l in -murder --f dv * ^i^oci:tl \-- The ----- of 'he a-proach-,. -o 1 - ' 

underway, i. ; i: e ; n iplcu ;ci;U;; ;<>;; of quantum hardware • c:; a; r. .. ^ . a;;.-. . ;oa:: . 
dailies in atomic physics [1]. in quantum optics (2], in nuclear [3] and electron [4j mag- 
netic resonance spectroscopy, in superconducting device physics [>]. in electron physics [f>], 
and in me.oscopic and quantum dot research [7]. This amazing variety o! approaches has 
arisen because, as we will see, the principles of quantum computing are pused using the 
most fundamental ideas of quantum mechanics, ones whose embodiment can be contem- 
plated in virtually every branch of quantum physics. 

The interdisciplinary spirit which has been fostered as a result is one of the most pleas- 
ant and remarkable features of this field. The excitement and freshness that has been pro- 
duced bodes well for the prospect for discovery, invention, and innovation in this endeavor. 



2. Why Quantum Information Processing? 

The shortest of answers to this question would be, why not? The manipulation and trans- 
mission of information is today carried out by physical machines {computers, routers, scan- 
ners, etc.), in which the embodiment and transformations of this information can be de- 
scribed usme the language of classical mechanics. Rut the final physical theory of the 

_ .;.e '.iv . < ,:aU!ii uk .. I.a.o. * 'Uid lla-c U : ... ; ■; ; > : .;tn -i^-A , • ..; > i . . i 

'■achines; indeed, since Newtonian mechanics emerges as a special limit ot quantum me- 
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simitar line of reasoning, it may well be asked whether machines embodying the principles 
of other refined descriptions of nature (perhaps general relativity or stnng theory) may have 
even more information processing capabilities; speculations exist about these more exotic 
possibilities, but they are beyond the scope of the present discussion. 

But computing with quantum mechanics really deserves a lot more attention than worm- 
hole computing or quantum-gravity computing; quantum computing, while tar in the tuture 
from the perspective of CMOS road maps and projections of chip fab advances, can cer- 
tainly be seen as a real prospect from the perspective of research studies in quantum phy- 
sics. It does not require science fiction to envision a quantum computer; the proposals 
discussed later in this issue paint a rather definite picture of what a real quantum computer 
will look like. 

So, how much is gained by computing with quantum physics over computing with 
classical physics? We do not seem to be near to a final answer to this question, which is 
natural since even the ultimate computing power of classical machines remains unknown. 
But the answer as we know it today has an unexpected structure; it is not that quantum 
tools simply sp-wl tip all vv ^nation processing tasks by a im-'orm : 'ant My a s'and- 
..rd complexity measure (i.e.. t he wa\ in which the number , : co:i. t .itun.al -a re- 
quired to complete a task tnows with the "size" n of the task), some tasks are pod 
up at all [10] bv aone ■.p. -.Mum to^U e.g.. obtaining h :!er.-.:c ot a \-... ^ 

r.f ; ;V - ! 1 ' jl' ><ped up he; . c'o (Uvaii:..: .; entr. at a da f :ha a- 

entries |I2jt. and some are apparent!) sped up e\ponentiaii\ i.Vioi\ a.goiuim. ivi 

mg an /?-digit number 113]). 

In other types of information processing tasks, particularly those unolving communica- 
tion 1 14]. both quantitative and qualitative improvements are seen |laj: for certain tasks 
vhoosinL* ♦'• -* d «•. for an appoint"- • -twee" f, vn parties from out ' ' 1 ■. ■ the;-' 1 ' - a 

a : uf , . . .1 T oo.. . - 

•p.ei classical stales are transmitted MM- bor some tasks (the "set disj- anmess proivcm . 

tation) the reduction of required communication is e\po;k;a- a : ■ ■ ihric . . ■. 
that are doable in the quantum world that have no counterpart classically; quantum cr\pto- 
L'raphv pro\ides an ab^hite secrecy of communication N^w • vrtv.-s that is ppp 'S--ib!e 
classically [IS], And for some games, winning strategies :vc • ;a-,s]He with tiie use ot 
quantum resources that are not available otherwise | N, 20). 

This issue, and this chapter, are primarily concerned with the "hows" of quantum com- 
puting rather than the "whys." so we will leave behind the computer science after this 
extremely brief mention. There is no shortage of other places to obtain more information 
about these things; 1 recommend the recent articles by Aharonov |21] and by Cleve (22]; 
other general introductions (23] will give the reader pointers to the already vast specialized 
literature on this subject. 



3. Realizing Quantum Computation 

Let me proceed with the main topic: the physical realization of quantum information pro- 
cesses. As a euide to me remainder of the special issue, and as a means- ot reviewing the 
• , -!c >teps requited U- . ke qua':'a:u , ■ app. >- -p. ■ \ eik I can ;».:■ k of v.<<- l uater p! e> ;han 
to review a set ot basic criteria thai nu coworker and 1 haw been or.cao.iiig ioci me last 
few years [24] for the realization of quantum computation (and communication), and to 

, ""^ p ..... , . - ...1 ■ ■ - . : P,.-.- ■ : ,< !)■..! 
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The Physical Implementation of QC 

Five (plus two) requirements for the implementation of quantum computation 

I A scalable physical system with well characterized quints 

For a start, a physical system containing a collection of qubits is needed. A qubit (or. 
more precisely, the embodiment of a qubit) is [25] simply a quantum two level system like 
the two spin states of a spin 1/2 particle, like the ground and excited states ot an atom, or 
like the vertical and horizontal polarization of a single photon. The generic notation tor a 
qubit state denotes one state as |0) and the other as \\). The essential feature that distin- 
guishes a qubit from a bit is that, according to the laws ot quantum mechanics, the per- 
mitted states of a single qubit fills up a two-dimensional complex vector space; the general 
state is written a |(» ~Vb\\), where a and h are complex numbers, and a normalization 
convention |a| 2 f \b\ 2 = 1 is normally adopted. The general stale of two qubits, 
a |()Q\ + b |0I) + c 1 10) + d 1 1 1), is a four-dimensional vector, one dimension for each dis- 
tinguishable state of the two systems. These states are generically entangled, meaning that 
they cannot be written as a product of the states of two individual qubits. The general state 
of n jehits is sp—iped bv a 2 n -dimensional complex vector. 

A qubit heme "well . a. ajierized" means several diiicreni ,:angs. c ■> 
-ters should he "accurate' v known, including the internal Hamikoman of the qubit 
!.--.-!-..-,-■ . the en : ■ - ;>t the . r ihu. - ■„■ oft .v.. al'ho . jh ■ "a!- 

( ) iS o.i ' ■■!' Mi.! to .>::■■.. -:.iie>. ■.-! v 

interactions with oilier quhits. and the couplmu^ ..o external iieids that ungl 
manipulate the Mate of the qubit. If the qubit has third, fourth, etc., levels, the computer s 
control apparatus should be designed so that the probability of the system ever going into 
v - state'- s all. The smailness of this and other parameters will be determined by the 
. , r •:c.t:,.- hu h be d- 1 Icr requirement 3 
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selection principles lorbid the creation ot entangled states involving 
hers such as 1/V2 ('00) -fill')). 

It is therefore false to consider this as a two-qubit system, and. since there are not two 
qubits it is nonsense to say that there is entanglement in this system. It is correct to say 
that the electron is in a superposition of different quantum states living on the two different 
dots It is also perfectly correct to consider this system to be the embodiment of a single 
qubit spanned bv the states (in the misleading notation above) |0T) ("electron on the right 
dot") and 1 10) ("electron on the left dot"). Indeed, several of the viable proposals, includ- 
ing the ones by Schon. Avenn, and Tanamoto in this special issue, use exactly this system 
as°a qubit. However, false lines of reasoning like the one outlined here have sunk various 
proposals before they were properly launched (no such abortive proposals are represented 
in this book, but they can be found occasionally in the literature). 

An amazing variety of realizations of the qubit are represented in this volume There is a 
■■•■ry well developed line of work that began with the proposal of Cirac and Zou.i-R 1 1 1 for 
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als use other auxiliary qubits such as the position of atoms in a trap or lattice, the presence 
or absence of a photon in an optical cavity, or the vibrational quanta of trapped electrons, 
ions or atoms (in the Platzman proposal below [6] this is the primary qubit). Many of the 
solid-state proposals exploit the fact that impurities or quantum dots have well characterized 
discrete energy level spectra; these include the spin states of quantum dots (see chapters by 
Loss [7] and Imamogll (2)), the spin states of donor impurities (see Kanh [4]), and the 
orbital or charge states of quantum dots (see Tanamoto [7]). Finally, there are a variety of 
interesting proposals which use the quantized states of superconducting devices, either ones 
involving the (Cooper-pair) charge (see SchOn, AvhRiN), or the flux (see Moou) [5\. 

2. The ability to initialize the state of the qubits to a simple fiducial state, such as |()00 . . .) 
This arises first from the straightforward computing requirement that registers should be 
initialized to a known value before the start of computation. There is a second reason for 
this initialization requirement: quantum error correction (see requirement 3 below) requires a 



..in just an initial suppl;*, is a real hcacL^he 
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takes to do tins initialisation is relatively long compared with gate-operation times 
requirement 4). then the quantum computer will have to equipped with some kind of " 
eonveyor belt", on which qubits in need of initialization are carried away from the region in 
.ii active c:^ 1 "- ■ '''^ ' ik:r • place. 'T/o:! ■■ ■ 1 'h^ '■belt'*, then brought back 
a> i lie active pi.^v ... « . _ .;nl:..,i.\.; a<;i L > :, . •' ..: : - * i c 

envisioned in requirement 5 tor the ca.se of low quanturn-cfficicncv measurements |2Sj.> 
There are lW'> re. en ..■ p;v. }•■■■- * ■ ■ ■ . V : f.:r!a:d m, ; '-; - •'■ 

"naturallv" cooicd w hen the ground .stale *»r its 1 i.uiiiUoaian is the >r tl ic o! interest, or 
the standard state can be achieved bv a measurement which projects the system either into 
'he state desired or another state whkh can be related into it These approaches' are not 
tundamentaliy Jiilereiu Irom one another, since the projection procedure is a torm t ! coo!- 
iiii:; for instance, the laser cooling techniques used routine!) now for me cooling of ion 
states to near their ground state in a trap [1] are closely connected to the fluorescence 
techniques used to measure the state of these ions. A more "natural" kind of cooling is 
advocated in many of the electron spin resonance based techniques (using quantum dots or 
impurities) [7, 4] in which the spins are placed in a strong magnetic field and allowed to 
align with it via interaction with their heat bath. In this kind of approach the time scale will 
be a problem. Since the natural thermalization times are never shorter than the decoherence 
time of the system, this procedure will be too slow for the needs of error correction and a 
'conveyor belt" scheme would be required. Cooling by projection, in which the Ham Eto- 
nian of the system and its environment are necessarily perturbed strongly, will have a lime 
scale dependent on the details of the setup, but potentially much shorter than the natural 
relaxation times. One cannot say too much more at this point, as the schemes for measure- 
ment have in many cases not been fully implemented (see requirement 5). In the NMR 
quantum computer implementations to date (see Cor, below), cooling of the initial state 
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scheme for quantum computing. 



with its environment. The (somewhat overly) simplified definition of this time is that it is 
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the charactenstic time for a generic qubit state a |0) + /? |1) to be transformed into 

the mixture p = \a\ 2 |0) <0| 4- \b\ 2 1 1) (1 1. A more proper characterization of decoherence, in 
which the decay can depend on the form of the initial state, in which the state amplitudes 
mav change as well, and in which other quantum states of the qubit can play a role (in a 
special form of state decay called "leakage" in quantum computing [29. 30]). is rather more 
technical than I want to get here; but see Refs. [31] and [32] for a good general discussion 
of all these. Even the simplest discussion of decoherence that I have given here should also 
be extended to include the possibility that the decoherence of neighboring qubits is corre- 
lated. It seems safest to assume that they will be neither completely correlated nor comple- 
tely uncorrected, and the thinking about error correction has taken this into account. 

Decoherence is very important for the fundamentals of quantum physics, as it is identi- 
fied as the principal mechanism for the emergence of classical behavior. For the same rea- 
son, decoherence is very dangerous for quantum computing, since if it acts tor very long, 
the capability of the quantum computer will not be so different from :h. : ; of a classical 
nachine. The decoherence time must be long enough that the uniquely ca : .m features of 
this style of computation have a chance to come into play. How long is "long enough" is 
also indicated bv t^" : • of quantum error correction, which 1 will summarize shortly. 

I haw : :k a' :;at the "rele\ v ••hcience tunc Mcadd be long enough I'h^ a- 
ph.:d/es i.i..: ,: ....... ;,.m particle c.e- mam dccohcrcfKv tunc- pertaining !<> ditlc cut 

degrees of freedom of that panicle. But many of these can be irrelevant to the functioning 
of this panicle as a qubit. For example, the rapid decoherence of an electron's position state 
in a solid stale environment does not preclude its ha\mg a very long spin coherence time, 
and it can be arranged that this > the onlv time relevant for quantum computation. Which 

- - . • • a n'd bv cho:_ of :'\ i.p.:a' ^ : <e- n • .! '1 ; for 

p;a. ii these two states correspond to different spin states but identical .-.mtai Mates, men 
orbital decoherence will be irrelevant. 

( )nc might worrv th.it th. decoherence tune ii'.-a'^iity to .■. ■ : -.aeccsMu; ..a :■ a- 
potation will scale with the duration of the computation. This would place incredibly strin- 
gent requirements on the physical system implementing the computation. Fortunately, in 
one of the ^reut discoveries of quantum information theory (in 1995- i^^). it was Sound 
that error correction of quantum states is possible {33 ) and thai this correction procedure 
can be successfully applied in quantum computation [34], putting much more reasonable 
(although still daunting) requirements on the needed decoherence times, 

In brief, quantum error correction stans with coding: as in binary error correction codes, 
in which only a subset of all boolean strings are "legal" states, quantum error correction 
codes consist of legal states confined to a subspace of the vector space of a collection of 
qubits. Departure from this subspace is caused by decoherence. Codes can be chosen such 
that, with a suitable sequence of quantum computations and measurements of some ancil- 
lary qubits, the error caused by decoherence can be detected and corrected. As noted above, 
these ancillary qubits have to be continuously refreshed for use. I will not go much farther 
into the subject here, see [311 for more. It is known that quantum error correction can be 
made fully fault tolerant, meaning that error correction operations can be successfully inter- 
mingled with quantum computation operations, that errors occurring during the act of error 
correction, if they occur at a sufficiently small rate, do no harm, and that the act of quan- 
' a:: commutation does not itself cause an unr-ason )h!e pro':*eration ot err «rs. 
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<Kceptable tor fauit tolerant quantum computation. 
' a-.- is IM 4 . 10' rimes the "clock time" of the ot- 



itic result is that, it the de^uhcicnce 
•:;m computer dial is the lime f\ >r I he 
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uo not have such long decoherence times. But sometimes they do, and our search lot a 
successful physical implementation must turn towards these. At least this result says that 
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the required decoherence rate does not become ever smaller as the size and duration of the 
quantum computation grows. So, once the desired threshold is attainable, decoherence will 
not be an obstacle to scalable quantum computation. 

Having said this, it must be admitted that it will be some lime before it is even possible 
to subject quantum error correction to a reasonable test. Nearly all parts of requirements 
\-5 must be in place before such a test is possible. And even the most limited application 
of quantum error correction has quite a large overhead: roughly 10 ancillary' qubits must be 
added tor each individual qubit of the computation. Fortunately, this overhead ratio grows 
only logarithmically as the the size of the quantum computation is increased. 

In the short run, it is at least possible to design and perform experiments which measure 
the decoherence times and other relevant properties (such as the correlation of decoherence 
of neighboring qubits) of candidate implementations of qubits. With such initial test experi- 
ments, caution must be exercised in interpreting the results, because decoherence is a very 
system-specific phenomenon, depending on the details of all the qubits' couplings to var- 
ious environmental degrees of freedom. For example, the decoherence time of the spin of 
an impurity in the bulk of .t perfect semiconductor ma\ n-f be the ame as it- '-^coherence 
time when it is near the surface of the solid, in the immediate neighborhood of device 
structure deigned to manipulate its qnamum state Test experiment k - • 1 — ohe deeoher- 
•.":v m .. > realMsc a s! : i;re as ; v .v lS :' • 

4. A "universal" set of quantum ^atcs 
This requirement is of course at the heart of quantum computing. A quantum algorithm is 
typically specified [S] as a sequence of unnarv transformations ('}. f'\. ... each acting 
on a small number of qubits. [\ meally no , : rhan three. The - onghtforward tran- 

• • :-m. . fhi. > . ■■ ; : ; : ... \ 0 — ■ro\ ' ' ... . ■ ■ h • >? 

these ion i llL . ■. :is. w/., ( '■ e"' ; ' "\ <■ . : ; . <■■''■'", etc : then. ■ 

physical apparatus should be designed so that ff\ can be turned <hi t r <an time f > to time * 
:hcn la: :.cd oil .:;■■] /.'_ ■■ en time . . oav '1 * 

Would that h:e were ^< sample! In reality what can be iione o r i i ^ r i less, but much less 

can be sufficient. Understanding exactly how much less is still enough, is the main compli- 
cation of this requirement. In all the phvsical implementaiii ■: ; ■« diseased in diis volume, 
only particular sorts of Hamiltonians can be turned on and otf: in iikm cases, for example, 
only two-body ftwo-qubit) interactions are considered. This immediately poses a problem 
for a quantum computation specified with three-qubit unitary transformations: fortunately, 
of course, these can always be re -ex pressed in terms of sequences of one- and two-body 
interactions [35], and the two-body interactions can be of just one type [36], the "quantum 
XOR" or "cNOT\ There are some implementations in which mult i -qubit gates can be 
implemented directly [37). 

However, this still leaves a lot of work to do. In some systems, notably in NMR (see 
Cory), there are two-body interactions present which cannot be turned off, as well as others 
which are switchable. This would in general be fatal for quantum computation, but the 
particular form of the fixed interactions permit their effects to be annulled by particular 
"refocusing" sequences of the controllable interactions, and it has recently been discovered 
[38] that these refocusing sequences can be designed and implemented efficiently. 

For many other systems, the two-body Hamilton ian needed to generate directly the cNOT 
unitary transformation is not available. For example, in the quantum doi propo-'i! described 
h> 1 oss below dee aly (wn-hod\ ;ea ruction which O;. ,.' 1 bo .\.oe> .., \ ...hie [he 
exchange interaction between neighboring spins. // \ \, ■ S, . \ . in the iinaniogiu chapter [2], 
the attainable ir/enclion is of the \Y t\pe. i.e.. H \ .V...V.. • V .V A n important ohs -r\ i 

cNoi transformation can he synthesized [39]. It is incumbent on each implementation pro- 
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posal to exhibit such a sequence tor producing the cNOT using the interactions that are 

naturally realizable. . ,r ,u » 

Often there is also some sophisticated thinking required about the time profile ot the 
two-uubit interaction. The naive description above uses a "square pulse" time protile. but 
often this is completely inappropriate; for instance, if the Hamilton.an can also couple the 
aub.t to other, higher-Wine levels of the quantum system, otten the only way to get the 
desired transformation ,'s to turn on and off the interaction smoothly and slowly enough that 
an adiabatic approximation is accurate |29. 30] (in a solid-state context, see also [40]). I he 
actual duration of the pulse will have to be sufficiently long that any such adiabatic require- 
ment is satisfied; then typically only the time integral \JtH(h is relevant tor the quantum 
-ate action The overall time scale of the interaction pulse is also controlled by the attain- 
able maximum size of the matrix elements of Hit), which will be determined by various 
fundamental considerations, like the requirement that the system remains in the regime ot 
validity of a linear approximation, and practical considerations, like the laser power that can 
s 0 concentrate:! on a P ;." nhr ion G '■ \ -n these various constraints, the "clock time ot the 
quantum computer wni be dummied rw the time interval need • \ that a-o .onsexu- 

ti-.e pulses have ne;dieib!e overlap. 

Another oha; \ •: a a h\ b, d< , ■> not :nn to pros 
■ • ') schem ' 'Mik!) m A- *v an issue m 

^ • apparatus We -.a that the interaction 1 lami itonmn //./■ ::as - lane pn.;dc ai,;,!i is 
controlled externallv bv some '"classical" means, that is. by the intensity ot a laser beam, 
the vnlee <>f a -ate 'volta-e. or the current level in a vwaa But each ot these control devices 
is made up them -elves of quantum mechanical parts When vc require that the e behave 

- ••• <}•••- . •• ; ,hoi;U :M«Vr/ .. \ ' A A', ! AAt ICIHC V. ' ' ' :1< -' 

jniurn ^om. >.:,. La :;cs ;;u... > 
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lament can hv^M be negligible, but Uns effect needs to he assessed tor each individual 



In ma! a eases it is in 



..mi on the dcsiAM ;nterac - ..o'i 'k ! a i • 



for instance in the ion-trap scheme, no direct interaction is available between tne ion-level 
q.-bits 1!| In this and in other c:a, a special quantum .ubsWcm (sometimes ret erred to 
as a "bus qubif > a used which can interact with each of the qubits in turn and memate the 
desired interaction: for ihe ion trap, this is envisioned to he tne vibrational state ot tne ion 
chain in the trap: in other cases it is a cavity photon whose wavetunction overlaps all the 
cubits Unfortunately, this auxiharv quantum system introduces new channels tor the envi- 
ronment to couple to the system and cause decoherence, and indeed the decoherence occur- 
ring dunng gate operation is of concern in the ion-trap and cavity-quantum electrodynamics 
schemes. 

Some points about requirement 4 are important to note in relation to the implementation 
of error correction. Successful error correction requires fully parallel operation, meaning 
that -ate operations involving a finite fraction of all the qubits must be doable simulta- 
neously This can present a problem with some of the proposals in which the single bus 
qubit" is needed to mediate each interaction. On the other hand, the constraint that interac- 
tions are only among nearest neighbors in a lattice, as m many ot the solid-state proposals, 
does allow for sufficient parallelism [41]. . 

Quantum gate- cannot be implemented perfectly: we must expect both systematic and 
; :: -.j,an on- a a die i :;.: ; - m inn ' n n ot the nee o,an : : ' 1 ■ ' ' '■ ' 1 ' N ■ P' ~ oI — ,[s 

be viewed ;i> another source ol decoherence and n, .s e o ; ..^AAmu jchinques .tie 



ean 



■^-vtive pro hieing rouble computations from unreliable e;ites. it the unreliability is 

tiate operation or so. it ,.,.e.m oe noj^d tnat sWcimai.. ■ . ... 

by careful calibration; but this will surely not always be the case. It seems harder to give a 
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good rule for how much systematic error is tolerable, the conservative estimates give a 
very, very small number (the square of the above) [31], but on the other hand there seems 
to be some evidence that certain important quantum computations (e.g., the quantum Four- 
ier transform) can tolerate a very high level of systematic error (over- or under-rotation ). 
Some types of very large errors may be tolerable if their presence can be detected and 
accounted for on the fly (we are thinking, for example, about charge switching in semicon- 
ductors or superconductors). 

Hrror correction requires that gate operations be done on coded qubits, and one might 
worry that such operations would require a new repertoire of elementary gate operations for 
the base-level qubits which make up the code. For the most important error correction 
techniques, using the so called "stabilizer" codes, this is not the case. The base-level toolkit 
is exactly the same as for the unencoded case: one-bit gates and cNOTs, or any gate reper- 
toire that can produce these, are adequate. Sometimes the use of coding can actually reduce 
the gate repertoire required: in the work on decoherence free subspaces and subsystems, 
codes are mtrod :ced using ; ivks of three and four qubits tor which two-qabit exchange 
interactions alone are enough to implement general quantum computation [42, 43]. This 
simplification could be \cr\ useful in the quantum-dot [7] or semiconduct' impurit\ |+] 
■iiplemenrationv 

.\ A qubit-specific nn tisnremcnt capability 
Finally, the result of a computation must be read out. and tins requires the ability to 
measure specific qubits. In an ideal measurement, it a qubit's density matrix is 
p - p\0)' f ^' • ''I - p~ 1 1 ~ a '0 1 • 1 ''01, the rneas! :: ■■■nent should give out- 

; p and " I" t . ; ..;-ilit\ 1 p ;n,:,\ of <i and ..- 

other parameters of the system, including the state of nearby qubits, and without changing 
the state of the rest of the quantum computer. If the measurement is "nop demolition", if;. it 
is, it in addition to repo;tmg outcome "0" the measurement !lm\o i[,e q :hit in staie 0 h . 
then it can also be used for the state preparation of requirement 2; but requirement 2 can be 
fulfilled in other ways. 

Such an ideal measurement as I have described is said to ha\e 1(K)', : quantum efficiency 
real measurements always have less. While the fidelity of a quantum measurement is not 
captured by a single number, the single quantum-efficiency parameter is often a very useful 
way to summarize it. just as the decoherence time is a useful if incomplete summary of the 
damage caused to a quantum state by the environment. 

While quantum efficiency of 100% is desirable, much less is needed for quantum com- 
putation; there is, in fact, a tradeoff possible between quantum efficiency and other re- 
sources which results in reliable computation. As a simple example, if the quantum effi- 
ciency ts 90%, then, in the absence of any other imperfections, a computation with a 
single-bit output (a so-called "decision problem", common in computer science) will have 
90% reliability. If 97% reliability is needed, this can just be achieved by rerunning the 
calculation three times. Much better, actually, is to "copy" the single output qubit to three, 
by applying two cNOT gates involving the output qubit and two other qubits set to jO), 
and measuring those three. (Of course, qubits cannot be "copied", but their value in a 
particular basis can.) In general, if quantum efficiency q is available, then copying to some- 
uhat more than \/q quhits and measuring ail of these will reyf.t :n a reliable ■'et.rne. So. 
a quantum efficiency ot i < would be usable to; quantum c ompniutM mi. at : : , M'en^e ot 
hundreds of eopies/remeasures of the same output qubit. (This assumes that the measure- 
ment ; ' - not < a !:-!'•• l s ■})< = . ;!;•>••;> / /! ,f M 1 fne ■■ ;/ 

ful quantum computation: this is the "bulk" model of NMR (see Cory and (3]), where 
macroscopic numbers of copies of the same quantum computer (different molecules in solu- 
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tion) run simultaneously, with the final measurement done as an ensemble average over the 
whole sample. These kinds of weak measurements, in which each individual qubit is hardly 
disturbed are quite common and well understood in condensed-matter physics. 
^ If a measurement can be completed quickly, on the timescale of 10 4 ot the decohereive 
time say then its repeated application during the course of quantum computation is \alu 
able Wsimplifvirm the process of quantum error correction. On the other hand, it this last 
measurement capability is not available, quantum error correction is still possible, but it 
then requires a greater number of quantum gates to implement. 

Other tradeoffs between the complexity and reliability of quantum measurement vs. those 
of quantum computation have recently been explored. It has been shown that it qubits can 
be initialized into pairs of maximally entangled states, and two-qubit measurements in the 
so-called Bell basis ('Z' 1 - |01> ± i 10), 0 ± - |00) ± \M)) are possible, then no two-qubit 
quantum gates are needed, one-bit gates alone suffice [44]. Now, often this tradeoff wilt not 
be usefuCa> in many schemes a Bell measurement would require two-bit quantum gates. 

But the overall message, seen in many of our requirements, is that more and more, t: e 
theoretical study of quantum computation has offered a great variety ot tra^ ;;s lor t;;e 
potential implementations: if X is very hard, it can be substituted with more ot i 
\ in manv cases both X .ed . e hesond the pre-ent experimental state ot th; 

■ , :Mnrough'ki: fledge ot \ e- '* • ; ' '■ " IX :i ' r » A r;i: 

;<ian tor the pursuit of future expei n neat ■■. 
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Desiderata for Quantum Communication 
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information processing are not manifest solely, or perhaps even principally, tor straighttor- 
v..n\\ coinput.iLic!-. ■ i>. ' 1 -'C many k^-1 -'--;.mm:- m'-m : — . m^emm 
b nelly at the beginning, that involve m »re than i eompuia'aom an-.'. ?| '---i quantum 
tools provide a unique advantage. 

The tasks we have in mind here all involve i-.-t only compulation but .:Ko commumca- 
tmm Hie list of these tasks that ha\e been countered in the light oi quantum capanihties. 
and for which some advantage has been found in using quantum tools, is lanK long and 
diverse: it includes secret key distribution, multiparty function evaluation as in appointment 
scheduling, secret sharing, and game playing 1 14|. 

When we say communication we mean quantum communication: the transmission ot 
intact qubits from place to place. This obviously adds more features that the physical appa- 
ratus must have to carry out this information processing. We formalize these by adding two 
more items to the list of requirements: 

6. The ability to interconvert stationary ami flying (juhits 

7. The ability to faithfully transmit flying qubits between specified locations 

These two requirements are obviously closely related, but it is worthwhile to consider them 
separately, because some tasks need one but not the other. For instance, quantum cryptogra- 
phy [!K] involves onlv requirement 7: it is sufficient to create and detect Hying qubits 



1 ha\e used the jamon "fl \ me. qubits" u m.,, na ■ :v-... .me — ; : • : ; r ^ 1 ■ " : - is 
if quantum communication, I 'sing this term emphasizes that the optimal embodiment ot 



where 
i solu- 



t'lknon states, with the qubit ..^■-..^d miner in mc po.n../\m -.i ^< m ■■■ r ■■■ 

tion of the photon, will be the flying qubit of choice, and indeed, the well developed lech- 
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nology of light transmission through optical fibers provides a very promising system for the 
transmission of qubits. I would note, though, that my colleagues and I have raised the 
possibility that electrons traveling though solids could provide another realization of the 
Hying qubit ( 14, 45]. 

Only a tew completely developed proposals exist which incorporate requirements 0 and 
7. Of course, there are a number of quite detailed studies of 7. in the sense that experi- 
ments on quantum cryptograph) have been very concerned with the preservation of the 
photon quantum state during transmission through optical fibers or through the atmosphere. 
However, these studies are rather disconnected from the other concerns of quantum comput- 
ing. Requirement 6 is the really hard one; to date the only theoretical proposal sufficiently 
concrete that experiments addressing it have been planned is the scheme produced by Kim- 
ble and coworkers [46] for unloading a cavity photon into a traveling mode via atomic 
spectroscopy, and loading it by the time-reversed process. Other promising concepts, like 
the launching of electrons from quantum dots into quantum wires such that the spin coher- 
ence ot the electrons is preserved, need to be worked out more fully 



^h Summary 

oo. Ah.i; is the "winmag" t^imoiogv going to i<e? 1 don't think thai anv hung mortal lias 
an answer to this question, and at this point it may be counterproductive even to ask it. 
hven though we have lived with quantum mechanics tor a centurv. our studv of quantum 
etteus in complex artificial s\ stems like those we have in mind for auantum computim' is 
m infant- No one can see how or whether ..II the rc.;u:rcme;.N ->\e can be Li.'.h 1 
w <vr.e'- •: L.e;e a:e new itaueoMs, : eio eaea.cd in our prcvui iliCoictical discu ^lwis 
suggested b_v further experiments, that might take our investigations m an entirely new path. 

Indeed the above d>cusv jon . and hie other chapters of this spe^.h rwie. really do n^r 
.ovei all the loresccuhie .:;p;oa.hcs. 1 will mention two of which 1 Jin aware: first, an- 
other computational paradigm, that of the cellular automaton, is potentially available for 
exploitation. This is distinguished from the above "general purpose" approach in that it 
assumes that every bit pat:ern throughout the computer will be subjected to the Name evo- 
lution rule. It is known thai general-purpose computation is performable. although with 
considerable overhead, by a cellular automaton. This is true as well for the quantum ver- 
sion of the cellular automaton, as Lloyd [47] indicated in his original work. New theoreti- 
cal work by Bhnjamin [48] shows very explicitly how relatively simple local rules would 
permit the implementation of some quantum computations. This could point us perhaps 
towards some sort of polymer with a string of qubits on its backbone that can be ad- 
dressed globally in a spectroscopic fashion. Experiments are not oriented towards this at 
the moment, but the tradeoffs are very different, and I don't believe it should be excluded 
in the future. 

Second, even more speculative, but very elegant, is the proposal of Kitahv (49] to use 
quantum systems with particular kinds of topological excitations, for example nonabelian 
anyons, for quantum computing. It is hard to see at the moment how to turn this exciting 
proposal into an experimental program, as no known physical system is agreed to have the 
appropriate topological excitations. But further research in, for example, the quantum Hall 
e'lect might reveal such a w ;cei; r, • -e hke' perhaps. o. hue Le;he< under^anding of he ^ 
approach, and thai ot f rec..;ni..u his c< . • { ;/ h. wiii she i uore ':. at on dome, 

quantum computing using the "standard" approach being considered in this book 



merits for many years to come. 
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Abstract 

This paper deals with YBCO Josephson junctions based on artificially generated in-plane bi-epitaxial grain boundaries 
fabricated on SrTi0 3 and buffered R-plane sapphire. The grain boundary was obtained by partly interposing a MgO seed 
layer between a bare or even-buffered substrate and a Ce0 2 layer [1]. The devices were produced by patterning the 
overhanging YBCO film in a form of stripes across the grain boundary occurring at the interface between the two regions. 

The samples were structurally and electrically characterized. As shown by X-ray diffraction analyses and high resolution 
electron microscopy, the structural perfection of the YBCO film decreases as the complexity of the stacking sequence 
increases. The fabricated junctions behave according to the Resistively Shunted Junction model for both the samples on 
SrTi0 3 and on A1 2 0 3 . Under microwave irradiation, the devices displayed several Shapiro steps while their critical currents 
were deeply modulated under magnetic field. 

By comparing the transport properties of the devices with the structural properties of the YBCO film on the different 
stacking sequences, we found a strong correlation between the normalized resistance R^A and the degree of structural 
disorder in the superconducting film. 

Keywords: Grain boundary; Texturing; Thin films; Weak links; Josephson effect 



1, Introduction 

Large angle grain boundaries (GB) are well known 
to behave like a weak link with RSJ behavior [2]. 
The fabrication of complex devices based on GB 
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junctions actually represents one of the most viable 
ways to develop superconducting electronic circuits. 
In this aim the control of artificial GBs in the YBCO 
films is essential. 

GB junctions obtained on bi-crystal substrates 
show good junction quality and reproducibility and 
among the best performances [3] but the intrinsic 
restrain of the GB location at the bi-crystal interface 
seriously limit their integration in any large scale 
technological process. Moreover, this technique is 



0921 -4534/96/S 15.00 Copyright © 1996 Elsevier Science B.V. All rights reserved 
PU S0921-4534(96)00468-6 



256 



S. Nicoletti et al/Physica C 269 (1996) 255-267 



well assessed for SrTi0 3 (STO) or MgO [4] but for 
other substrates of technological interest, such as 
A1 2 0 3 (ALO), several problems are still present. 

A possible way to overcome these problems is the 
fabrication of artificially engineered bi-epitaxial GB 
[1,5,6], where a suitable sequence of epitaxial layers 
locally induce a 45° rotation of the crystal lattices 
across the grain boundary. This behavior, first shown 
at Conductus [1], has to be related to an "abnormal" 
epitaxial in plane coincidence between the MgO and 
the Ce0 2 crystal lattices where MgO is a very thin 
"seed" film independent of the underlying substrate. 
It is worth noting that the use of commercially 
available, low cost epitaxial quality R-plane sapphire 
substrates, should be envisaged for any application 
where high dielectric constant and low losses are 
required. However, for this kind of substrates, severe 
film-substrate interactions occurring above 650°C re- 
quire a buffer layer as a barrier against the diffusion. 

In this paper we report the fabrication and the 
characterization of bi-epitaxial 45° GB Josephson 
junctions on SrTi0 3 (STO) or A1 2 0 3 (ALO) sub- 
strates. This work is focused on the MgO-Ce0 2 
seed layers deposition and on the Ce0 2 /YBCO/ 
STO multilayer buffer for the sapphire substrates 
suitable for a collective fabrication of artificially 
engineered GB with good reproducibility of the pro- 
cess. Emphasis is made on the structural properties 
of the stacking sequence and on their influence on 
the electrical performances of the final device. 



2. Experimental 

The films depositions were carried out by Pulsed 
Laser Deposition (PLD) from sintered massive tar- 
gets. The PLD apparatus used is based on an excimer 
laser (A = 248 nm, r pulse = 30 ns). The deposition 
chamber is equipped with four targets and with a 
load lock, allowing multilayer processes without 
breaking vacuum or atmosphere. All the deposition 
parameters are controlled by a personal computer 
insuring good reproducibility. A detailed description 
of the deposition apparatus was reported elsewhere 
[7]. 

It is well known that in the temperature range of 
the YBCO deposition, STO is chemically stable 
while sapphire presents a severe interdiffusion be- 



tween the substrate and the superconducting film. To 
obtain both a suitable crystal lattice and a barrier 
against the mutual diffusion a Ce0 2 /YBCO/STO 
triiayer was first deposited on the sapphire sub- 
strates. This multilayer structure was chosen to over- 
come the limitations in the stacking sequence. The 
STO thin films do not grow epitaxialy nor on R-plane 
ALO neither on Ce0 2 films, giving several orienta- 
tions and a large fraction of amorphous material. The 
deposition of the Ce0 2 /YBCO/STO tri-layer al- 
lows an epitaxial growth along the whole structure of 
the buffer layer as well as a suitable substrate surface 
for the fabrication of the bi-epitaxial GB. 

In order to fabricate artificially engineered bi- 
epitaxial grain boundaries, a -5 nm thick MgO 
seed layer and a ~ 1 1 nm thick Ce0 2 buffer layer 
were first deposited onto a bare (or buffered) sub- 
strate under the same processing conditions. These 
two intermediate layers were therefore removed on 
part of the substrate by Xe ion milling on a pho- 
tolithographically defined geometry. These proce- 
dures lead to a smooth and sharp interface where the 
grain boundary is located. Then a second ~ 18 nm 
Ce0 2 buffer layer and the superconducting YBCO 
film were deposited. The PLD process parameters 
for each deposition step are summarized in Table 1 
while Fig. l(a,b) shows the stacking sequence fol- 
lowed during the fabrication process for STO and 
ALO, respectively. To define the contact pads, a 200 
nm thick gold layer was subsequently sputtered 
through a mechanical mask. The devices were pat- 
terned in form of stripes defined across the GB by 
standard photolithographic technique followed by Xe 
ion milling. 

The films obtained were structurally characterized 
by X-ray diffraction analysis (XRD) in both the 
Bragg-Brentano and Schulz [8] configurations using 
the Cu-Ka radiation and by Transmission Electron 
Microscopy (TEM). Using XRD, we measured the 
6-26 scans, and pole figures on the part of the 
sample where the MgO is present and on the part of 
the sample where the MgO was removed. By means 
of these analyses we first determined the in-plane 
epitaxial relationships and then, considering the pole 
dispersion taken at their full width half maximum 
(FWHM), we evaluated the degree of orientation. 
The experimental setup and the axes resolutions 
were described elsewhere [9] as well as the calcula- 
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tion procedure to obtain the volume fraction related 
to a given peak [10]. 

The samples on STO were observed on cross-sec- 
tions, by high resolution electron microscopy 
(HTEM). In order to prepare these specimens, two 
flakes heterostructures were glued together with an 
epoxy charged with a very fine alumina powder 
(0.5 fLvn). The obtained disks were cut with their 
faces perpendicular to the [100] axis of the substrate. 



Then they were mechanically thinned to = 15 
and ion milled at low temperature to electron trans- 
parency. Cross-sections were observed at 200 keV 
on a Philips CM20UT. 

The electrical characterization was performed by 
placing the samples on a cryogenic probe for testing 
under magnetic field as well as under microwave 
irradiation. The probe was inserted in a double mag- 
netic shielded dewar allowing the measurements from 



Table 1 



Deposition parameters used during the fabrication of bi-epitaxial grain boundaries 


Material 


Sub-layer or 


Temperature 


Laser 


Pulse rate 


Oxygen 


Deposition 


Thickness 




substrate 


(°C) 


energy 


(Hz) 


pressure 


rate 


(nm) 








O/crn 2 ) 
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0.05 


20 


YBCO 


Ce0 2 


650 


2.0 


2 


40 
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0.02 


50 


MgO 
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Fig. 1. Schematic representation of the stacking sequence followed during the grain boundary fabrication on a) SrTi0 3 and b) R-plane 
sapphire substrates, respectively. 
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fOdrrt temperature to liquid helium temperature. The 
data were collected by taking as a general criterion 
for the J c evaluation the current value corresponding 
to a 10 /jlV voltage drop across the junction. 



3. Results and discussion 

3.1. Structural characterization 

The XRD 6-20 scans allow the determination of 
the crystalline planes parallel to the sample surface. 
In Figs. 2 and 3 we report the 0-20 diffraction 
patterns of two different samples deposited on STO 
and ALO substrates, respectively. To facilitate the 
comparison, the patterns collected on the whole 
-stacking sequence were shifted with regard to those 
collected on the side where the MgO/Ce0 2 bi-layer 
was etched. Two general features can be observed. 
First, as indicated by the strong (00/) reflections, the 
YBCO and the MgO layers are mainly grown [001] 
oriented. The presence of the characteristic BaCe0 3 



(BCO) reflections indicates that some reactions oc- 
cur at the interface between YBCO and Ce0 2 layers. 

The Ce0 2 layers behave differently, depending 
on the substrate side. As shown by the diffraction 
patterns of Fig. 2, on STO substrate we can identify 
- two different behaviors: on bare substrate, the Ce0 2 
is (OOl)-oriented even after the ion etching. Where 
MgO is present underneath the Ce0 2 layer, we 
observe a strong reflection at 20= 29.5. This addi- 
tional peak can be attributed either to (111) reflec- 
tion of Ce0 2 or to the (200 + 112) reflections from 
the BCO. Furthermore, the growth of this phase 
seems to be competing with the growth of the BCO 
phase, as evidenced by the (004 + 220) reflection of 
this latter phase which decreases considerably in 
intensity when (lli)-Ce0 2 increases (4 layers side). 
This is consistent with less YBCO/Ce0 2 interaction 
when the etching procedure has been applied (less 
crystalline disorder in the Ce0 2 layer in the absence 
of MgO). The poor crystallinity of Ce0 2 and BCO, 
whatever the substrate and the sample side, is re- 
vealed by comparing the enlargement of their peaks 
with those of the YBCO in the 0-20 spectra. The 
(11 1)-Ce0 2 and (200 + 1 12)-BCO reflections are too 




20 

Fig. 2. 6-29 diffraction patterns collected on both halves of a sample fabricated on SrTi0 3 substrate. The pattern collected on the whole 
stacking sequence is [4 layers side] shifted with regards to that collected on the side without the MgO/Ce0 2 bi-tayer [2 layers side]. 



S. Nicokui et al./Physica C 269 (1996) 255-267 



259 



close (28.5-29.5 in 6) to be distinguished taking 
into account the peak width. 

As reported in Fig. 3, the same set of peaks was 
found on sapphire substrate, with the exception of 
those coming from the substrate itself. Taking into 
account that a buried double layer of Ce0 2 /YBCO 
is first deposited on this substrate, we attribute the 
(004 + 220)-BCO peak (present on both sides) to 
this first deposited layer. Since this deep layer par- 
tially shadows the duality between the (lll)-Ce0 2 
and the (004 + 220)-BCO peaks, we can assume a 
similar behavior for this stacking sequence. 

Fig. 4 shows HREM cross-section images corre- 
sponding to the grown heterostructures a) without 
the MgO layer and b) with the MgO layer, respec- 
tively. From Fig. 4a we found, for both the Ce0 2 
and YBCO grown on STO, the same orientation 
relationships already detected by X-ray analyses. The 
YBCO layer grows with the same orientation as the 
substrate. The STO/Ce0 2 interface is fairly abrupt 
whereas the Ce0 2 /YBCO interface is highly per- 
turbed as a result a preferential thinning on the 



YBCO side; the thickness of the Ce0 2 layer is found 
to be equal to 11 nm. The BCO phase, observed by 
X-ray, was not detected in this region. This behavior 
can be explained by assuming that the BCO is 
present only as islands. 

From the micrograph 4b we found that the YBCO 
layer is 45° rotated along the c axis, whenever a 
MgO layer is intercalated in the growth process. The 
MgO and Ce0 2 layers are 4 nm and 30 nm thick, 
respectively. The interfaces are well defined and 
sharp. However, in the Ce0 2 layer we can distin- 
guish two different zones. Close to the MgO inter- 
face, the presence of Moir£ patterns reveals slight 
local variations of the lattice parameters and a fairly 
perturbed layer. Nevertheless the lattice parameter 
length indicates an (00/)-oriented growth. Otherwise, 
close to the YBCO interface, the lattice parameter 
changes, indicating the formation of a different phase. 
This phase can be identified as either (1 1 l)-oriented 
Ce0 2 or (200)-oriented BCO. Since the thickness 
almost coincides with that expected for the topmost 
Ce0 2 layer and the (1 1 l)-phase admits the growth of 




Fig. 3. 9-29 diffraction patterns collected on both halves of a sample fabricated on A1 2 0 3 substrate. The pattern collected on the whole 
sucking sequence [7 layers side] is shifted with regards to that collected on the side without the MgO/Ce0 2 bi-layer [5 layers side]. 
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the (00/)-YBCO layer along the suitable in-plane 
orientation, we attribute the peak located at 29 & 29.5 
to this phase. 



In Fig. 5 we report a (£-scan of a STO sample 
while Fig. 6 displays the pole figure of an ALO 
sample. Each sample were scanned on both sides. In 




Fig. 4. HREM cross view of a) the YBCO/Ce0 2 and b) the YBCO/CcOj/MgO multilayers structure on a SrTi0 3 substrate. 
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the case of STO (Fig. 5), as expected from the cell 
match between the different layers, the relationships 
are fully respected for both sides of the GB. The 
C^ B 0 CO relationship is the only one present when the 
MgO is absent (2 layers), while when it is present 
(4 layers) C^ 0 is fully achieved. In the case of 
ALO (Fig. 6), C^ B 0 CO/STO is also fully respected 
when MgO is absent (5 layers), but persists at a level 



of 1-2% in volume on the 7 layers side of the 
sample. The buried YBCO layer deposited together 
with Ce0 2 and STO to buffer the ALO can account 
for this residual orientation. The C^ 0 attempted 
relationship dominates with ~ 94% in volume on 
this side of the GB, even if we can observe the 
presence of C]_ B £° orientations with 8° <, £ 30° of 
about 3-4% in volume. 
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Tabic 3 

T c and FWHM values of the (103) YBCO pole figures collected 
on the different stacking sequence 





SrTi0 3 




A1 2 0 3 






Without 


With 


Without 


With 




MgO 


MgO 


MgO 


MgO 




91 


86 


85 


82.5 


FWHM^ 


2.0° 


2.5° 


1.6° 


1.4° 


FWHM, 


4.0° 


4.0° 


6.8° 


7.2° 



A detailed analysis carried out on the whole 
multilayer structure gives, for the different layers, 
the epitaxial relationships reported in Table 2. As 
expected, on one part of the sample, the topmost 
Ce0 2 and YBCO layers are 45° in-plane rotated with 
respect to the other part. This behavior leads to the 
formation of the artificial GB located at the interface 
between the unetched and the etched side of the 
sample. Table 3 reports the peak extensions (FWHM) 
in the pole figure together with the T c values of the 
YBCO films deposited over the different stacking 
sequence. By comparing similar FWHM's for both 
sides of each sample, the FWHM^ values show that 
the epitaxial relationships are respected in the order 
of 2°. On the other hand, looking at samples fabri- 
cated on different substrates, we note that the diffrac- 
tion peaks obtained on ALO are wider than those 
obtained on STO, indicating a degree of structural 
perfection substantially lower for the YBCO de- 
posited on the former substrate. Since the YBCO 
obtained on Ce0 2 buffered sapphire generally ex- 
hibit excellent structural properties [11], the origin of 
disorder probably reside in the complex stacking 
sequence which involve several layers. It is worth 
noting that for YBCO on bare STO, FWHM's of 
1.53° in x of 0-95° in <f> are currently obtained 
[10]. In this latter case the FWHM^ is nearly dou- 
bled compared to the former STO substrate sample. 
This is attributed to the twin formation in the rhom- 
bohedral structure of the ALO giving rise to the 
formation of faceting at the surface, which is propa- 
gated in the stack. This behavior is clearly visible, 
for example, on the surface of LaA10 3 . On such a 
substrate, FWHM^ as great as 10° have been already 
observed even with no FWHM, more than 2° [10]. 



32. Electrical characterization 

As reported in Table 3, all the films exhibit a T c 
higher than 80 K but two different behaviors can be 
observed. First, the T c of the samples deposited on 
STO substrates are always higher than those on 
ALO. Meanwhile, the YBCO film deposited on the 
side where the MgO is present has a T z slightly 
lower than the T c of the other side, independently of 
the substrate nature. The correlation with the degree 
of the structural perfection became evident by com- 
paring the FWHM of each set of peaks. As shown in 
Table 3, the larger the peaks the lower the T c . 
Furthermore, due to the lattice mismatch with the 
other materials considered here, the MgO layer, even 
if thin, is the source of further structural disorder in 
the overhanging layers. 

In Fig. 7 (a,b) we report the I-V characteristics 
taken at different temperatures for a typical junction 
fabricated on STO and on sapphire substrates, re- 
spectively. Under the application of a microwave 
irradiation the junctions show several Shapiro steps. 
As already reported, by changing the radiation inten- 
sity, the critical current of the junction follows the 
Bessel behavior as a function of the power [6]. The 
obtained I-V characteristics of the junctions exhibit 



Table 4 

Electrical parameters of the Josephson junctions fabricated on 
SrTi0 3 and R-plane A1 2 0 3 at different temperatures. For compar- 
ison, same preliminar results obtained on a junction fabricated on 
a 45° bi-crystal substrate are reported 



Substrate 7* (K) 7 C (A/cm 2 ) R N A / C K S 



SrTi0 3 


4.2 


3.1 x I0 3 


9.1 


282 


bi-epitaxial 


30 


1.9X10* 


9.0 


170 




60 


3.8X10 2 


8.2 


31 




76 


2.5 


7.9 


2 


AljO, 


4.2 


1.4X10 2 


56 


60 


bi-epitaxial 


23 


9.4X 10' 


58 


54 




42 


1.2X10' 


60 


7.5 


SrTi0 3 


4.2 


6.6X10 3 


3.0 


221 


45° bicrystal 


30 


6.1 X10 3 


2.9 


193 




60 


1.1 x 10 3 


2.5 


31 




77 


3.8X10' 


2.5 


l.l 
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RSJ behavior independently of the substrate type. As 
reported in Table 4, the normalized resistance, taken 
on the device biased at 2 mV (i.e. far above 7 C /? N ), 
do not change significantly with the temperature. By 
comparing the values for our two samples with those 
measured on a series of junctions fabricated on a 
45° tilted STO bi-crystal, we note that, for the bi- 



epitaxial GB junctions, the R s A values are always 
higher. With respect to the latter values, R^A about 
three times and one order of magnitude for the 
devices on STO and sapphire substrate, respectively. 
This behavior indicates either a more insulating bar- 
rier or a thicker barrier correlated with structural 
and/or morphological defects. 
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Fig. 8. / c vs. H curve obtained on a) a 16 large junction fabricated on STO substrate and on b) a 5 /xra large junction fabricated on 45° 
symmetric STO bi-crystal. The data were collected at 4.2 K. 
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To account for the weak link behavior of the GB 
two models are currently proposed: the model of the 
Insulating Barrier at the GB interface presented by 
Gross et al. [12] and the Two Channels model pre- 
sented separately by Moeckley et al. [13] and by 
Sarnelli [14]. In these models, the weak link behavior 
of the GB is correlated to a defective layer at the 
interface between the two grains. Actually, the origin 
of this layer is generally ascribed to deviations from 
the bulk stoichiometry or to the structural disorder 
associated with the GB itself, but this occurrence is 
still unproven [15]. The reduction of J c across the 
GB is therefore correlated with the spatial extent of 
this region or, in other words, with the effective 
thickness of the barrier in the Josephson junction. In 
this general frame, as much as the YBCO layer itself 
is defective as much as the interface is defective and 
as much as the order parameter will be reduced 
across the GB. Hence, we can explain the electrical 
behavior of our devices by considering the results of 
Table 3. The effective thickness of the barrier is 
correlated with the degree of structural perfection 
YBCO of the electrodes close to the GB. Conse- 
quently, as the structural perfection of the supercon- 
ducting layer decreases the R H of the junction 
increases. 

In Fig. 8 we report a typical / c vs. H curve 
obtained respectively on a 16 ^m large junction 
fabricated on STO substrate and on a 5 /zm large 
junction fabricated on 45° symmetric STO bi-crystal. 
The data were collected at 4.2 K. Since the Joseph- 
son penetration depth Aj, as calculated from Table 4, 
is about 5.5 for the bi-epitaxial sample and 
about 3.8 for the bi-crystal sample, we expect, 
for these devices, the typical Fraunhofer-like I c vs. 
H pattern for small uniform junctions (w/Aj ^ 4) 
[16], As it can be seen from these figures, for the 
bi-epitaxial / c is modulated by the magnetic field, 
but the diffraction pattern largely deviates from the 
expected behavior. Meanwhile, the curve obtained 
on the bi-crystal junction shows the typical $\n{x)/x 
pattern with symmetric periodic lobes. 

As already discussed by Copetti et al. [17] and by 
Hilgenkamp et al. [18], the non-periodical depen- 
dence of 7 C on the magnetic field and the strong 
reduction of J c in GB-based devices can be well 
accounted for by considering the mutual occurrence 
of the d X 2_ Y i symmetry of the order parameter in 



HT C materials and the microscopic faceting structure 
of the GB. Moreover, following the discussion car- 
ried out in these references, a similar behaviour is 
expected for symmetric GBs. On the contrary, our 
data show that a periodic pattern can be obtained 
even for high angle GBs. 

On the other hand, Itzler and Tinkham recently 
discussed the role of random occurring defects inside 
the barrier on the electrical behavior of the junction 
under magnetic field [19]. They were able to demon- 
strate that the pinning of the Josephson vortices by 
the defects can interact with the electrical behavior 
of the device. The action is double: they reduce the 
carried current and they change the phase along the 
junction. Therefore, the 7 C vs. H pattern is signifi- 
cantly modified by the presence of these pinned 
vortices in the barrier. 

Since the electrical and magnetic performances of 
the devices increases as the structural perfection of 
YBCO layer increases, our results are in better 
agreement with this second model. 



4. Conclusions 

YBCO Josephson junctions, based on artificially 
generated in-plane bi-epitaxial grain boundaries, on 
SrTi0 3 and buffered R-plane sapphire were fabri- 
cated and characterized. The obtained devices fol- 
lowed the Resistively Shunted Junction model inde- 
pendently off the substrate type, showing Shapiro 
steps under microwave irradiation and critical cur- 
rent modulation under magnetic field. By comparing 
the obtained results with those obtained on a 45° 
bi-crystal, the Josephson current density of the junc- 
tions fabricated on sapphire substrates were largely 
depressed, while those of the devices on STO was 
only slightly below. 

X-ray diffraction and High Resolution Electron 
Microscopy analyses showed that the structural and 
textural perfection of the YBCO film decreases as 
the complexity of the stacking sequence increases. 
The critical temperature is shown to be correlated to 
the orientation deviations. 

Taking into account the structural properties of 
the YBCO film on the different stacking sequences, 
we can explain the behavior of our devices by 
treating the GB as a conventional Josephson struc- 
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ture where the barrier transparency is correlated with 
the degree of structural and textural perfection of 
each electrode, justifying the correlation between the 
normalized junction resistance R S A and the degree 
of disorder in the superconducting electrodes. 
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The advent of high-7~ c superconductors gave great impetus to the development of thin-film 
superconducting quantum interference devices (SQUIDs) for operation at temperatures up to the 
boiling point of liquid nitrogen, 77 K. The spectral density of the white flux noise can be calculated 
analytically for rf SQUIDs and by computer simulation for dc SQUIDs; however, observed noise 
spectral densities are typically an order of magnitude higher. Low-frequency 1// noise from thermally 
activated vortex motion is a much bigger issue in high-7 f SQUIDs at 77 K than in low-7 c SQUIDs 
because of the low flux-pinning energies in high-7 c superconductors. The magnitude of the noise 
depends strongly on the quality of the thin films, and much effort has been expended to improve 
techniques for depositing YBa 2 Cu 3 0 7 x (YBCO) on lattice-matched single-crystal substrates. 
Substantial effort has also been invested in the development of new types of Josephson junctions, of 
which grain-boundary junctions are the most widely used in SQUIDs. Appropriate electronic read-out 
schemes largely eliminate 1// noise from fluctuations in the junction critical current in both rf and dc 
SQUIDs. Typical levels of white flux noise are a few /x<I> 0 Hz 1/2 (* n is the flux quantum). 
Magnetometers — consisting of a superconducting flux transformer coupled to a SQUID — achieve a 
white magnetic-field noise as low as 10 fTHz I/2 , increasing to typically 30 fT Hz 1/2 at 1 Hz. When 
these devices are operated in an unshielded environment, it is important to minimize the motion of 
trapped vortices and induced supercurrents, which can greatly increase the 1// noise. The ambient 
noise is far greater than the intrinsic noise of the devices, but can be substantially reduced by various 
gradiometer configurations. There is now considerable effort to apply high- T c SQUIDs in 
magnetocardiology, nondestructive evaluation, microscopy, and geophysics. [S0034-686 1(99)00403-1] 
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1. INTRODUCTION 





The discovery of superconductivity in ceramic oxides 
(Bednorz and Miiller, 1986) such as YBa 2 Cu 3 0 7 x 
(YBCO) (Wu et al, 1987) with transition temperatures 
(T c ) above the boiling point of liquid nitrogen (77 K) 
generated a worldwide furor to develop new supercon- 
ducting technologies for both large- and small-scale ap- 
plications. This frenzy of activity was of course driven by 
the perception that superconductors cooled in liquid ni- 
trogen at 77 K would quickly become much more widely 
applicable than superconductors cooled in liquid 4 He at 
4.2 K. There were two broad reasons behind this percep- 
tion: liquid nitrogen is much cheaper than liquid helium, 
and, for a given heat load, liquid nitrogen boils away 
much more slowly than liquid helium. It was immedi- 
ately apparent that small-scale devices would require the 
development of thin-film techniques, and to provide a 
framework for this research many groups focused on the 
superconducting quantum interference device (SQUID). 
Thus at a very early stage of the field Koch et al (1987) 
and subsequently Nakane et al (1987) fabricated the 
first thin-film dc SQUIDs; the first rf SQUIDs appeared 
a little later (Colclough et al, 1987; Zimmerman et al, 
1987), although they were actually formed from bulk 
YBCO. There were several good reasons for choosing 
the SQUID as a vehicle for the development of this new 
technology. Low-7 c SQUIDs are by far the most widely 
used superconducting thin-film devices at liquid 4 He 
temperatures, and it was a natural assumption that this 
trend would continue at liquid N 2 temperatures. Fur- 
thermore, the SQUID incorporates most of the compo- 
nents needed for a broader range of electronic devices. 
The first is a photolithographically patterned thin film 
with high crystalline quality and a transition tempera- 
ture essentially equal to that of the bulk material. A 
second, essential component is the Josephson junction 
(Josephson. 1962), for which one would like a process 
that yields highly reproducible parameters. A third in- 
gredient is an interconnect technology, that is, a 
multiple-level process that enables one to fabricate 
crossovers — two intersecting superconducting films 
separated by an insulating layer — and vias — 
superconducting contacts through the insulating layer. 



Progress in high-T c dc and rf SQUIDs over the last de- 
cade has been dramatic, and the purpose of this review 
is to give a perspective on the current state of the art. 

The dc SQUID (Jaklevtc et al, 1964) consists of two 
Josephson junctions connected in parallel on a super- 
conducting loop. When the magnetic flux <t> threading 
the loop is changed monotonically, the maximum super- 
current the SQUID can sustain (the critical current) is 
modulated with a period of one flux quantum, O 0 
= hlle. Provided the current-voltage (/-V) characteris- 
tic is nonhysteretic (Sec. II. A), this modulation results in 
a concomitant modulation of the voltage across the 
SQUID when it is biased with a constant current greater 
than the maximum critical current. In essence, the 
SQUID is a flux-to-voltage transducer, characterized by 
the transfer coefficient |<?17<9<J>|, . The flux resolution of 
the SQUID is determined by its intrinsic noise, which 
has a spectral density that is white at frequencies above 
a certain threshold and that scales approximately as Iff 
at frequencies /below the threshold. In low-7 c SQUIDs 
the threshold frequency can be 0.1 Hz or lower, while, as 
we shall see, in high-T f SQUIDs it can be substantially 
higher. In Sees. II. B and C, we outline the theory of 
operation of the dc SQUID and solve its equations of 
motion numerically for both the transfer function and 
white noise. From the results of our simulations we dis- 
cuss the optimum choice of parameters for operation at 
77 K. 

The rf SQUID (Zimmerman et al, 1970; Mercereau, 
1970; Nisenoff, 1970) involves a single Josephson junc- 
tion that interrupts a superconducting loop. This loop is 
inductively coupled to the inductor of an LC-resonant 
circuit that is driven by an rf current at or near its reso- 
nant frequency, which ranges from 20 MHz to 10 GHz. 
The amplitude of the rf voltage across the tank circuit is 
periodic in the magnetic flux in the SQUID with period 
<P 0 , so that, after demodulating this voltage, one obtains 
a quasistatic voltage that is periodic in <P just as for the 
dc SQUID. For operation at 4.2 K the rf SQUID has 
been largely abandoned in favor of the dc SQUID, but 
the advantage in sensitivity of the latter device at 77 K is 
much narrower. In Sees. II.D F, we outline the theory 
of operation and noise limitations of the rf SQUID. 

Low-7\ SQUIDs have been used as sensors in a broad 
range of applications, including biomagnetism, nonde- 
structive evaluation, geophysics, susceptometers, volt- 
meters, scanning SQUID microscopes, and nuclear mag- 
netic and nuclear quadrupole resonance (Weinstock, 
1996). Of these, the largest number of SQUIDs are de- 
ployed in multichannel systems for magnetoencephalog- 
raphy and, to a lesser extent, magnetocardiology. A ma- 
jor requirement for biomagnetic measurements is high 
magnetic-field sensitivity at frequencies down to 1 Hz. 
Although this requirement is readily met with niobium 
based SQUID magnetometers, which achieve a sensitiv- 
ity of a few fTHz 1/2 , the issue of \lf noise in high-T f 
SQUIDs has been a major challenge, and will emerge 
repeatedly throughout this review. There are two sepa- 
rate sources of llf noise (Koch et al, 1983): fluctuations 
in the critical current of the junction(s) and the ther- 
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mally activated hopping of flux vortices among pinning 
sites in the thin-film loop. Fortunately, as will be de- 
scribed, iff noise due to critical-current fluctuations in 
both dc and rf SQUIDs can be largely eliminated elec- 
tronically by means of appropriate schemes (Sees. V.B 
and VII. C). In the case of low-r c SQUIDs, l/f noise 
from vortex motion is rarely a problem, but for high-T c 
SQUIDs it is a major issue. The reason is simple: flux- 
pinning energies are lower and thermal energies are 
higher. At an early stage, Ferrari et al (1988, 1989) used 
a low-7 c dc SQUID to show that vortex motion in un- 
patterned high- 7V films indeed produced copious levels 
of 1// flux noise and that the level diminished dramati- 
cally as the microstructural quality of the film was im- 
proved. This theme is first raised in Sec. Ill, in which we 
briefly review issues concerning the fabrication of thin 
films. We confine our discussion to YBCO, the only ma- 
terial that has been used for practical devices. Of the 
possible substrate materials only a handful are admis- 
sible. Pulsed laser deposition, sputtering, and recently, 
coevaporation have emerged as the deposition tech- 
niques of choice. Issues of patterning and multilayer 
processing as well as l/f noise are also discussed in this 
section. 

The other major challenge in the development of 
SQUIDs, and indeed for high-T c electronics circuits in 
general, has been the need to develop an appropriate 
technology for Josephson junctions (Sec. IV). Many ap- 
proaches have been tried, ranging from a single layer of 
YBCO in which grain-boundary junctions are formed 
along the misorientation boundary of a bicrystal sub- 
strate or at a step edge milled in a substrate, to multi- 
layers in which insulating or metallic barriers are formed 
between two YBCO films. It seems fair to say that the 
ideal technology has not yet been invented. For virtually 
all applications, the figure of merit is the I () R product, 
where I 0 is the critical current and R is the resistance for 
currents much greater than 7 0 . Although one might 
hope to achieve values of several millivolts at 77 K. in 
practice the highest values achieved to date are more 
like 300 /*V. For SQUIDs, the technique most widely 
used today is the grain-boundary junction formed on ei- 
ther a bicrystal or a step edge. 

Section V reviews practical high-T c dc SQUIDs. The 
two widely used readout schemes, flux modulation and 
direct readout, are briefly described, and the use of bias 
reversal to eliminate the l/f noise due to critical-current 
fluctuations is outlined. Achieved levels of white noise 
and 1// noise are summarized in a series of figures. For 
reasons that are not well understood, the levels of white 
noise are generally higher than the predictions of the 
computer model described in Sec. II. 

Although dc SQUIDs are exquisitely sensitive to 
changes in magnetic flux — typical devices have a white 
noise of a few p,<t> {) Hz 1/2 — their small area implies that 
they are relatively insensitive to changes in magnetic 
field. To increase this sensitivity, as described in Sec. VI, 
one almost invariably couples the SQUID to a flux 
transformer that increases its effective area. Broadly 
speaking, there are two classes of such magnetometers. 



In the first, the so-called directly coupled magnetometer, 
a large pickup loop — perhaps 10 mm across — is pat- 
terned in the same layer as the SQUID so that the su- 
percurrent produced by an applied magnetic field is in- 
jected directly into the body of the SQUID. This scheme 
has the advantage that it involves only a single supercon- 
ducting layer but suffers from the disadvantage that the 
inductances of the pickup loop and SQUID are mis- 
matched, thereby reducing the flux-coupling efficiency 
of the transformer. The mismatch is overcome in the 
second approach, mimicking that used for Iow-T c mag- 
netometers, in which a pickup loop is connected to a 
multiturn input coil that in turn is inductively coupled to 
the SQUID. The flux transformer can be either depos- 
ited directly onto the SQUID or deposited on a separate 
substrate and coupled to the SQUID in a flip-chip ar- 
rangement. This flux transformer matches the induc- 
tance of the pickup loop to the SQUID, but the 
multilayer structure required for the input coil compli- 
cates the fabrication. The best of these magnetometers 
have achieved a white noise below 10 fT Hz An al- 
ternative, multilayer magnetometer is the fractional-turn 
SQUID described in Sec. VI.D. 

Section VII is concerned with practical rf SQUIDs, 
usually fabricated from single layers of YBCO. As dis- 
cussed in Sec. II, the inductance of the rf SQUID can be 
somewhat larger than its dc counterpart, enabling one to 
obtain a higher effective area. Early devices consisted of 
square washers with step-edge, grain-boundary junc- 
tions, and were operated at typically 150 MHz. The sen- 
sitivity has been improved by increasing the frequency 
substantially; as shown in Sec. II, the spectral density of 
the flux noise is expected to scale inversely with the rf 
frequency. In the best device reported to date, the white 
noise was 16 fTHz 1/2 . Section VII. C describes how the 
1// noise due to critical-current fluctuations is eliminated 
by the combination of rf biasing and flux modulation. 

Sections VIII and IX are concerned with using 
SQUID magnetometers in real-world environments. 
Most notably in biomagnetism, one needs to measure a 
tiny magnetic signal against a magnetically noisy back- 
ground. The standard approach to this problem is to use 
a spatial gradiometer, usually in conjunction with a mag- 
netically shielded room. The gradiometer discriminates 
against distant noise sources in favor of a nearby signal 
source. Given the lack of a suitable high-7 c supercon- 
ducting wire, two approaches have been adopted (Sec. 
VIII): electronic subtraction of the signals from two or 
more spatially separated magnetometers, usually to 
form axial gradiometers, and the use of planar, thin-film 
gradiometers that measure off-diagonal gradients. Sec- 
tion IX is largely concerned with the operation of mag- 
netometers or gradiometers in the ambient magnetic 
field of the earth, which has two deleterious effects. The 
additional vortices created by the penetration of the 
earth's field into the thin films can greatly increase the 
level of l/f noise. Fortunately, this problem can be 
largely alleviated by making the thin-film structures suf- 
ficiently narrow, if necessary, by patterning slots or holes 
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in them. A related problem is hysteresis produced by the 
entry of vortices when the device is rotated in the earth s 
field. Flux entry can be greatly reduced, fortunately, by 
patterning straight, near-vertical edges which provide 
high edge-pinning forces. Other issues discussed in Sec. 
IX include rf interference and temperature fluctuations. 

In Sec. X we briefly review several applications of 
high-T c SQUIDs, which are still in their infancy. None- 
theless, impressive progress has been made in biomag- 
netism, particularly magnetocardiology, and useful dem- 
onstrations have been made in both nondestructive 
evaluation and scanning SQUID microscopy. Prototype 
geophysical systems have been successfully deployed. 
Section XI contains our conclusions. 

Writing this review brought home to us the enormous 
amount of effort that has been expended in developing 
the technology of high-T c SQUIDs, and the vastness of 
the literature. Regrettably, it was out of the question to 
list more than a fraction of the publications in the space 
of this review. We have attempted to give a broad per- 
spective on the field, but we are acutely aware that our 
choice of topics is subjective and far from exhaustive. 



II. THEORY 

A. Resistively shunted junction model 

The Josephson junction (Josephson 1962, 1965; Bar- 
one and Paterno, 1982) consists of two weakly coupled 
superconducting electrodes separated — in the case of 
the low-7* c tunnel junction — by a thin insulating barrier. 
Cooper pairs tunneling through the barrier constitute a 
supercurrent / / 0 sin where / 0 is the critical current 
and Sis the difference between the phases of the order 
parameters in the two superconductors. For zero applied 
current, the two electrodes are coupled by an energy 
/ 0 * 0 /27r. In the absence of thermal fluctuations, the 
voltage V across the barrier is zero for / I 0 ; for / / 0 a 
voltage is developed and S evolves with time as 8 

2eV/ft 2 7rV/<t> 0 . At least for low-7 r junctions, the 
current-voltage characteristics are well explained by the 
resistively and capacitively shunted junction (RCSJ) 
model (McCumber, 1968; Stewart, 1968). In this model, 
the Josephson element is in parallel with a resistance R 
(which may be an external shunt) and a capacitance C. 
For SQUIDs, one generally needs nonhysteretic I-V 
characteristics, a requirement that is met if fi c 
= 2TTl 0 R 2 C!<t> 0 1. In the limit (3 C 1, which as we shall 
see is often the case for high-r r junctions, the RCSJ 
model reduces to the RSJ model and the I-V character- 
istic in the absence of thermal noise is given by V 

R(I 2 /5) 1/2 for/^/ 0 . 

Particularly in the case of devices operating at 77 K, 
however, noise has an appreciable effect, and is added to 
the model by associating a Nyquist noise current / v with 
spectral density £/(/) 4k B T!R with the shunt resistor. 
This noise term rounds the I-V characteristic at low 
voltages and reduces the apparent critical current (Am- 
begaokar and Halperin, 1969). To maintain a reasonable 




FIG. 1. The dc SQUID: (a) schematic, (b) I-V characteristic, 
(c) V vs <t>/<£ 0 at constant bias current I B . 

degree of Josephson coupling one requires the noise pa- 
rameter r = 2irk B T/I 0 <t> 0 I lh /I 0 1; at 77 K, I th 
~3.3alA. 

B. dc SQUID: Overview 

The dc SQUID (Jaklevic era/., 1964) consists of two 
Josephson junctions connected in parallel on a super- 
conducting loop of inductance L [Fig. 1(a)]. If one biases 
the SQUID with a constant current I B { 2/ 0 ) the volt- 
age V across the SQUID oscillates with a period 4> 0 as 
one changes the external magnetic flux <t> [Figs. 1(b) and 
(c)]. To measure small changes in 4> ( <t> 0 ) one gener- 
ally chooses the bias current to maximize the amplitude 
of the voltage modulation and sets the external flux at 
(2n 1)4V 4 (n 0,1,2, . . . ), so that the flux-to-voltage 
transfer coefficient |<?V7(?4>|/ is a maximum, which we 
denote as V& . Thus the SQUID produces a maximum 
output voltage signal SV V^SQ* in response to a small 
flux signal For frequencies /well below the Joseph- 
son frequency// W<J> 0 , tne tw0 independent Nyquist 
noise currents in the shunt resistors produce a white 
voltage noise across the SQUID with a spectral density 
S v (f) (Tesche and Clarke, 1977) and a white current 
noise around the SQUID loop with a spectral density 
Sj(f); in fact, these two noise terms are partially corre- 
lated (Tesche and Clarke. 1979). The intrinsic white flux 
noise of the SQUID is given by $<*(/) S v (f)/V%\ il is 
often convenient to introduce a noise energy per unit 
bandwidth e(/) S^{J)I2L. We note that noise im- 
poses a second constraint on the parameters, namely 
that the magnetic energy per flux quantum <PJ;/2L must 
be substantially greater than k B T. We can express this 
requirement as Yfi L LIL lh 1, where we define f$ L 

2L/ 0 / ( t>o, and L th = <Pl/4irk B T 321 pH at 77 K. As 
we shall see, this restriction, which can also be written as 
<t>ll2L 2irk B T, will play a key role in our choice of 
parameters. 

There have been extensive computer simulations of dc 
SQUIDs operated at 42 K (Tesche and Clarke, 1977, 
1979; Bruines et at, 1982; Voss. 1981; de Waal et at, 
1984; Ryhanen et at, 1989). These simulations show that 
the minimum noise energy is obtained for f} L °*\ and 
that, for a representative value of the noise parameter 
T 0.05, V^RIL, S v (f)~\6k B TR and e~9k B TL/R 
^9k B T^ {) i2I {) R, Thus e inevitably increases with tem- 
perature and, for optimized parameters, scales as i/I u R. 
In addition to the white noise, there is usually low- 
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frequency \lf noise generated by both 1// noise in the 
critical current and by the motion of flux vortices 
trapped in the body of the SQUID. We defer the issue 
of 1// noise to Sec. V.D, and turn our attention to opti- 
mizing the parameters of the SQUID at 77 K with re- 
gard to white noise. 



C. dc SQUID: Transfer function and thermal noise 

It is straightforward to show that the phase differ- 
ences S x (t) and S 2 (t) across the two junctions obey the 
following equations (Tesche and Clarke, 1977): 



hC 
27' 

hC 



ft 



I 

2 

I 



277 

S 2 — (d> LJh 
<p 0 



and 



4eV 



(2.1) 



(2.2) 



(23) 



(2.4) 



The Langevin Eqs. (2.1) and (2.2) are coupled via the 
circulating current /, which is related to the external flux 
<J> in Eq. (2.3). Equation (2.4) expresses the voltage 
across the SQUID as the rate of the change of the phase 
differences. In all our simulations we set p c 0.5; the 
results change only slightly for the smaller values of p c 
that we expect for many high-T r junctions operated at 
77 K. To find the transfer function we set <t> <P 0 /4, in- 
tegrate Eqs. (2.1)-(2.3) numerically over 10 4 to 10 6 time 
units (4> 0 /27r/ 0 /?), and use Eq. (2.4) to obtain the aver- 
age voltage across the SQUID (Kleiner. 1996). We com- 
pute SV/d<t> as a function of / to find the maximum 
value Vtj, . To explore the dependence on the inductance 
L, it is convenient to plot V$ vs Yp L LiL th 

(4irk B Tf$>l)L. The range of interest for Y p L extends 
from well below 0.05 to unity. For convenience, we start 
from Yp L (0.05)2 2 ^ and increase Yp L in powers 
of 2 1/2 up to (0.05)2 9/2 -1.13. For T 77 K this corre- 
sponds to inductances between 4 and 362 pH, while for 
T 4.2 K the corresponding range is 74 pH to 6.7 nH. 
For most high- 7V devices Yp L ^0.\, whereas for typical 
low-T c devices Y p L 0.05. 

On calculating the dimensionless transfer function 
vj, Vq&uJIqR vs Yp L for values of p L ranging from 
0.6 to 4 one finds that, although v $ for a given value of 
VPi decreases with p L , its functional dependence on 
Y p L is essentially the same for all values of p L . Thus, 
on normalizing curves of v $ vs Yp L to their value at. 
say, Yp L ^, one obtains a universal curve g(Yp L ) 

V4>(Pl'JPlVvi>(Pl m), which is independent 

of p L . Note that the value of Y p L ^ is an arbitrary 
but convenient choice suggested by the smallest value of 
Yp L used in the simulations. We denote the normaliza- 
tion factor v (t> {P L \Yp L jfe) as f{p L ). Figure 2 shows 




Pl 
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FIG. 2. Computed normalized transfer function 
v 4> lv 4> (/3 L :Y^ L ^) vs r @L ^ Pc 0.5. Solid line corre- 
sponds to Eq. (2.5), dashed line to (4/7.3)exp( 2.751^). In- 
set shows v P L \Y p L ^j) vs p L ; solid line corresponds to 
Eq. (2.6). dashed line to 7.3/(1 p L ). 

the normalized curve g(Yp L ) vs Yp L for eight values of 
p L ranging from 0.6 to 4.0. As discussed, the results col- 
lapse onto a single curve. The solid line in Fig. 2 is an 
empirical fit to the computed values 

g(Yp L ) V4(P L -Sp L Vv+(p L ;Yp L 



1/80) 



[(80r/3 L )°- 4 0.35(4r^) 25 ] 



(2.5) 



For Yp L 0.2, Eq. (2.5) can be approximated as 
g(r/? L )-=(80r£J ° 4 . The inset of Fig. 2 shows f(p L ) 
vs p L for the fixed value Yf3 L 1/80 for 0.1«/3 L «5.2. 
For p L 0.5, the range of experimental interest, one can 
fit the transfer function with the expression 



f(P L ) v4P L ;Tp L 1/80) 



7.3/?£ I5 /(l 



(2-6) 



shown as a solid line in the inset. With the aid of the 
factorization v $ /(Pl)s(^ these two curves, or 
Eqs. (2.5) and (2.6), enable one to calculate v $ immedi- 
ately for any value of p L and Y p L within the specified 
ranges. Note that v^, calculated numerically, decreases 
for p L 0.4. This decrease is not reproduced by Eq. 
(2.6). Furthermore, since the SQUID will no longer 
function when Y becomes much greater than unity, the 
range of validity of Eqs. (2.5) and (2.6) is restricted to 
r 1, that is Yp L p L . Note that in the range Y p L 

0.2, where gfj p L )**{WY p L ) ° 4 , we can also factor- 
ize vt as f(p L )g(Y), where f(p L ) f(P L )ip L " A and 
g(Pt ) (SOY) ° 4 . Thus for Yp L 0.2 the variables p L 
and r Pi are not the only possible choices for factoriza- 
tion. In order to confirm the validity of Eq. (2.6) for 
larger values of , we also calculated v ^ for p L 20 
and Yp L 1/80. The numerical result is whereas 
Eq. (2.6) yields 0.55. 

It is of interest to compare our results with the expres- 
sion of Enpuku, Doi etui. (1995) and Enpuku, Tokita 
etai (1995), 

4 j 3.57r 2 {<5<l>„) 2 \ 

-exp 



1 Pi. 



1 Pl 



*,1 



exp( 2.75T /?/.), 



(2.7) 
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FIG. 3. Computed normalized voltage noise power 
s 0 /s v (P L 'SP L a>), vs YP L for p c 0.5. Solid line shows 
s v {PlSP l )/s v (PlSP l m) (80r^ L ) 02 . Inset shows 

s v (Pl'J&l m) vs Pl* solld line is s v(PlJPl m) 

0.62£ L °\ 

where (#t>J 2 k B TL is the mean square flux noise. 
This expression also factorizes into two terms, which de- 
pend on p L and Yp L , respectively. Equation (2.7) 
agrees well with our results for intermediate values of 
p L and Y P L , but underestimates v $ outside this region. 
For example, for p L 1 the agreement is better than 5% 
for 0.09 Vp L 0.35. The dashed line in Fig. 2 is given 
by (4/7.3)exp( 2.15Yp L ), and the dashed line in the 
inset of Fig. 2 corresponds to 7.3/( 1 p L ). The prefactor 
(x) was chosen to obtain the best agreement with our 
simulations for p L 1. Similar results have been found 
by Koch (1994), Keene et al (1995), and Foglietti et al 
(1995). 

We turn now to the voltage noise at frequencies well 
below the Josephson frequency, where its spectral den- 
sity is white. Using Eqs. (2.1)-(2.4) we compute the 
Fourier transform of the time-varying voltage across the 
SQUID and hence the dimensionless power spectrum 
s v (f) 2irS v (f)/I 0 R<t> {) . We set 4> 4> 0 /4, vary the bias 
current so that V# takes its maximum value and calcu- 
late S v (f). In Fig. 3 we plot s v (p L ;T p L )fs v (P L 'S Pl 

Hi) vs r p L for eight values of p L . For a given value of 
p L , the noise power increases with Yp L . However, the 
overall variation in s v (P L \Yp L ) is weak: within a factor 
of 2, s v ~ 1 or S v ^ IqR<& () I2tt. In contrast to the transfer 
function (Fig. 2), there is no universal behavior for the 
noise power, although roughly speaking, s v scales as 
(S0rp L f 2 (line in Fig. 3). The inset to Fig. 3 shows 
s v (p L 'jp vs p L . For fixed Yp L , p L is propor- 
tional to I u iT\ the decrease in noise with increasing p L 
thus reflects either the decrease in temperature if /„ is 
fixed or the increase in /„ if T is fixed. The line is a lit to 
s v (PlSPl m) 0.62/3 L tu ; within the range ().2 p L 

5.2, wc can approximate s v ~ \.5p L 03 {l P L f 2 . For Y 

0.05 and p L 1 we find s t , 0 82, in excellent agree- 
ment with the result of Tesche and Clarke (1977), S v 
=*\6k B TR. (To make the comparison, note that s v 

(27TiI i) R^ u )l6k B TR 16r 08.) 

We find the flux noise of the dc SQUID from 
the relation S*(f) S v {f)IV% or s^(f) s v lv\ 

(iTiI^Rl^S^f)- Figure 4 shows s^(P L :Vp L )f 




0.01 0.1 1 



FIG. 4. Computed normalized flux noise power 
s^Is^PlSPl to) vs TP L for p, 0.5. Solid line corre- 
sponds to Eq. (2.8). Inset shows s^{P L \Yp L w>) v s Pl ■ Solid 
line corresponds to Eq. (2.9). 

s J<Pl'^Pl m) vs ^p L , obtained from the results in 
Figs. 2 and 3. The computed data very nearly follow a 
universal curve, because of the universal, strong depen- 
dence of on Vp L and the weak dependence of s L . 
For 0.01 Vp L 1 we can fit the curve reasonably well 
by the expression 

S+{Pl*PlVS4>(Pl'JP L S7>) 

0.8[80r/? L (1 AYp L ) 4A 1]. (2.8) 

For V p L 0Xs df (P L -Sp L )/s 4t (P L -Sp L reduces to 
approximately 80r^ L , while for larger values of Yp L it 
increases rapidly because of the rapid drop in v^. In the 
inset to Fig. 4 we plot s^(/3 L J p L m) vs p L , together 
with the fitted curve 

s^Pl'SPl h) U PlVW. ( 2 * 9 > 
Note that the increase of s^(p L \Yp L m) for P L 0.5, 
which arises from the decrease of v^iPt'SPi m)* is 
not reproduced by Eq. (2.9). Thus, for the range Yp L 

0. 1 and p L 0.5. we find 5^-2(1 P L )Tp L or 5* 
-4(1 p L )<X> () k B TUI () R. For p L 1, this result 
becomes \6k B TL 2 IR. in excellent agreement with the 
value of Tesche and Clarke (1977). As an example, from 
Fig. 4 for p L Y 0.1 and p L 1 we find j^0.4; with 
1 K) R 200 fxV, this value corresponds to 5 4 , 
-0.6 10 u <t>l Hz l . 

Finally, we derive the noise energy e(/) S^(f)l2L\ 
in dimensionless units, e e! {) RI2<X> {) k B T sJ2Yp L . 
Figure 5 shows e(p L S P)ie{p L \Y p L jfe) vs Vp L , ob- 
tained from the results in Figs. 2 and 3. For Y p L 0.2, 
the reduced noise energy is almost constant, while for 
higher values of Y fi L it increases rapidly. The rapid in- 
crease in noise energy arises from the rapid degradation 
of the transfer function over the same values of Yp r 
(Fig. 2). In the inset of Fig. 5 we plot e{Vp L 1/80) as a 
function of p L : the dependence is linear for p L 0.5, 
and to a good approximation e{p L \Yp L 1/80) ^ ( 1 

Pi ) for p L 0.5. For a SQUID with Y 0.05 and P L 

1, Tesche and Clarke (1977) find e^9k B TL/R, corre- 
sponding to e sI u R/2<t> {) k B T~9LI {) /2<P Q 9/3,./4 

2.25. From Fig. 5, we predict e~=2, in good agreement, 
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FIG. 5. Computed normalized energy resolution efe{/3 L ;Yp L 
^) vs for /3 C 0.5. Solid line corresponds to Eq. (2.8) 
divided by (80r^ L ). Inset shows e(p L Sf3 L m) vs fi L , solid 
line is the function (1 fi L ). 



with integrated damping resistors have been studied by 
Kang et ai (1997), and three-junction SQUIDs have 
been investigated by Schultze. Ijsselsteijn et ai (1997). 
In both cases, an enhanced voltage modulation was ob- 
served. However, for the three-junction SQUID, large 
modulation was obtained only over a few periods and 
the authors concluded that this SQUID has no advan- 
tage over the conventional SQUID. 

Finally, the fact that e scales as VI 0 R emphasizes the 
need to develop junction technologies with the largest 
possible value of I 0 R. In particular, one would like a 
type of junction in which 7 0 and R can be varied inde- 
pendently. For example, for L 40 pH, the requirement 
p L 1 leads to 7 0 25 ft A; increasing 1 {) R solely by in- 
creasing 7 0 will not lead to significantly enhanced perfor- 
mance. 



and observe that this value remains valid for Yfi L 0.2. 
More generally, for Y p L 0.2 and for an arbitrary value 
of (3 L we find e-(l p L ) or e~2(l f3 L )<t> {) k B T/ I Q R. 

This concludes our description of the signal and noise 
theory for the dc SQUID. The results dictate the range 
of parameters required to achieve near optimal perfor- 
mance. Low-T c SQUIDs are usually optimized under 
the constraint I {) R 2 constant (Tesche and Clarke, 
1977), in order to keep /3 C fixed. For a given value of L 
we then have 7 0 */3 L and 7?*7 0 1/: , so that 7 0 7?*/?[ /2 . 
Since f3 L ) we find e«(l fit)$L •> which has a 

minimum at fi L 1. The situation for high-T ( SQUIDs is 
more complicated. One way to optimize the SQUID is 
to vary the junction width on a given substrate. We then 
have 7 0 7? constant, and the dependence of e on f3 L can 
be scaled from the plots in Fig. 5; in this case, the mini- 
mum is at /3 L ^0.5. However, we again emphasize that 
this value is at the lower end of the validity of our equa- 
tions. A discussion of smaller values would be purely 
academic, since one generally couples the SQUID to a 
pickup loop with an inductance that is much higher than 
the SQUID inductance L (Sec. VI). Thus, to reduce the 
inductance mismatch, there is a strong incentive to make 
L as high as possible. As a result, values of /3 L 1 would 
require values of Y that are outside the validity of our 
equations. An alternative philosophy is to fix the junc- 
tion area and to vary the critical current, for example, by 
changing the barrier thickness. Since for many high-T t . 
junctions 7 () /?*;J /2 (Sec. IV), this approach leads to 
7 0 7? 2 constant as for low-7 r SQUIDs, so that p L 1 is 
the optimum value. 

Figure 5 shows clearly that the reduced noise energy 
increases rapidly once Yfi L L/L th is raised above 
about 0.15; for T 11 K, this constraint implies L 50 
pH. However, one can use higher inductances either by 
adding a damping resistor across the SQUID loop (En- 
puku. Sueoka et ai, 1985; Enpuku. Muta et ai, 1985; En- 
puku, et ai, 1993; Enpuku, 1993) and/or a third Joseph- 
son junction (Enpuku, 1993; Enpuku et ai, 1994; 
Enpuku, Doi et ai, 1995). It is shown that with these 
additional circuit elements one may increase the SQUID 
inductance up to 500 pH. Recently, high-7" f SQUIDs 



D. rf SQUID: Overview 

The rf SQUID (Mercereau, 1970; Nisenoff, 1970; 
Zimmerman et ai, 1970) consists of a single Josephson 
junction integrated into a superconducting loop that is 
inductively coupled to the inductance L T of an LC- 
resonant (tank) circuit [inset Fig. 6(b)]. The tank circuit 
is driven by an rf current, and the resultant rf voltage is 
periodic in the flux applied to the SQUID with period 
<£ 0 . Detailed reviews have been written by many 
authors (for example, Jackel and Buhrman, 1975; 
Ehnholm, 1977; Likharev and Ulrich, 1978; Likharev, 
1986; Ryhanen et ai, 1989; Clarke, 1996). 

The total flux <t> 7 in the SQUID is related to the ap- 
plied flux <t> by 

* r 4> L/„sin(2ir4> 7 -/4> 0 ). (2.10) 

We see immediately that Eq. (2.10) can exhibit two dis- 
tinct kinds of behavior [Fig. 6(a)]. For fi L 2ttLI 0 !<P 0 

1, the slope d$ T id<$> [1 fi L cos(2tt^ 7 -/* 0 )] 1 is ev- 
erywhere positive and the <Y> T vs <X> curve is nonhyster- 
etic. On the other hand, for fi L 1, there are regions in 
which d<P T /d<t> is positive, negative, or divergent so that 
the <t> r vs <P curve becomes hysteretic. Radio frequency 
superconducting quantum interference devices have 
been operated in both modes. In the hysteretic mode the 
SQUID makes transitions between quantum states and 
dissipates energy at a rate that is periodic in <t>. This 
periodic dissipation in turn modulates the quality factor 
Q of the tank circuit, so that when it is driven on reso- 
nance with a current of constant amplitude the rf voltage 
is periodic in <t>. In the case f3 L 1. the nondissipative 
mode, the SQUID behaves as a parametric inductance, 
modulating the effective inductance and hence the reso- 
nant frequency of the tank circuit as the flux is varied. 
Thus when the tank circuit is driven at constant fre- 
quency, the variations in its resonant frequency cause 
the rf voltage to be periodic in <lK 

Historically, it appears that most Iow-T ( rf SQUIDs 
were operated in the hysteretic mode, although as we 
shall see. there are advantages to the nonhysteretic 
mode. However, the theory of noise in the nondissipa- 
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FIG. 6. The rf SQUID: (a) Normalized total flux <t> r /(t> n vs 
normalized applied flux <t>/<J> n for p L 0.5.2. (b) Total flux <1> 7 
vs applied flux $ for rf SQUID with L/„/* 0 j, showing tran- 
sitions between quantum states in absence of thermal noise as 
<t> is increased and subsequently decreased. Inset shows rf 
SQUID inductively coupled to the inductor of a resonant cir- 
cuit, (c) Peak rf voltage V T across tank circuit vs peak rf cur- 
rent /rf in absence of thermal noise for <t> 0 (solid line) and 
<t> <J> 0 /2 (dashed line). 

tive regime was worked out in the late 1970s, just as dc 
SQUIDs began largely to replace rf SQUIDs. As a re- 
sult, the importance of the nonhysteretic rf SQUID was 
not widely exploited experimentally. The advent of 77 K 
operation has changed this situation dramatically, 
largely due to the systematic experimental effort of the 
group at Julich and the very recent theoretical work of 
Chesca (1998). In the following two sections wc briefly 
outline the theory of the dissipative and nondissipative 
rf SQUIDs. 

E. rf SQUID: Hysteretic mode 

For the case 1. the unstable nature of the & T vs 
<t> curve in Fig. 6(a) causes the SQUID to make transi- 



tions between stable quantum states as <t> is changed 
[Fig. 6(b)]. For example, when <J> is increased from 0. 
there is a transition from the k 0 flux state to the k 

1 state at a critical flux (neglecting fluctuations) <I\. 

L7 0 . In rf operation, a current 7 rf sin o> rf f is applied to 
the resonant circuit. The peak voltage V T across the 
resonant circuit increases linearly with 7 rf until, for <t> 

0, 7 rf <t> c /MQ, at which value 

V'V 0) o> r( L T <S> c tM, (2.11) 

where M k{LL t ) X12 . At this point [A in Fig. 6(c)] the 
SQUID makes a transition to the k 1 or 1 state. As 
the SQUID traverses the hysteresis loop, energy A£ is 
extracted from the tank circuit. Because of this loss, the 
peak flux on the next half cycle is less than 4> c , and no 
transition occurs. The tank circuit takes many cycles to 
recover sufficient energy to induce a further transition, 
which may be into either the k 1 or 1 states. If we 
now increase / rf , transitions are induced at the same 
values of I T and V T but, because energy is supplied at a 
higher rate, the stored energy builds up more rapidly 
after each energy loss A£, and transitions occur more 
frequently. At B, a transition is induced on each positive 
and negative rf peak, and a further increase in 7 rf pro- 
duces the "riser" BC. At C, transitions from the k 

1 states to the k 2 states occur, and a second step 
begins. A plot of the peak values Vj ] vs 7 rf produces the 
"steps and risers" shown in Fig. 6(c). 

If we now apply an external flux <t> 0 /2, the hysteresis 
loops in Fig. 6(b) are shifted by this amount, and one 
finds 

I'V u2) io Ti L T (^ c <D„/2)/A/. (2.12) 

As 7 rf is increased, this voltage remains constant until 
the point F, at which the SQUID traverses the hysteresis 
loop corresponding to the k 0 k 1 transitions 
once per rf cycle. A further increase in 7 rf produces the 
riser FG; at G, corresponding to a peak rf flux (<& L 

<J> 0 /2), transitions k 0 k 1 begin. Thus an ap- 
plied flux other than /i4><, (n is an integer) causes the 
step AB to split as shown in Fig. 6(c). 

The model outlined above enables us to calculate the 
transfer function at values of 7 rf that maintain the 
SQUID biased on a step: the change in V T as we 
increase <t> from 0 to <I> 0 /2 is V [ T m) 

(i) d L T <PJ2M , so that for small changes in flux in the 
range 0 4> <f> (J /2 we find w ri L T /M. At first sight, 
this result seems to imply that V< p can be increased in- 
definitely by reducing k. This is not the case, since one 
must ensure that the point F in Fig. 6(c) lies to the right 
of E. that is, DF must exceed DE. To calculate DF we 
note that the power dissipated in the SQUID is zero at 
D and approximately 7 0 4» () o> rf /27r at F, since the energy 
dissipated per rf cycle is approximately 7„<fc 0 for a device 
with L7 0 =<t> 0 . Thus, taking account of the fact that the 
rf currents and voltages are peak values, we find 

/[ f D) ) V' ( 7 1/2) /2=7 0 4> 0 a> r( /277. Furthermore, we can 
easily see that <I> 0 /2A/(?. Assuming LI U 
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*=4> 0 and using Eq. (2.12). we can write the requirement 
that DF exceeds DE in the form 



(2.13) 

we find that the expression for 



Z lK. 



(2.14) 



K 2 Q 7774. 

Taking 
becomes 

V^u^QL T IL) m ~u> T {L T IL) m l 

We note that V<p scales with a> rf and as L m . 

A detailed theory has been developed for noise in the 
hysteretic rf SQUID operating at liquid helium tempera- 
tures (Kurkijarvi, 1972, 1973; Jackel and Buhrman, 1975; 
Giffard et al, 1976; Ehnholm, 1977; Hollenhorst and 
Giffard, 1980; Ryhanen et al, 1989). Although in a 
noise-free model the steps are flat, thermal noise causes 
them to tilt to a slope y. In addition, thermal noise in- 
duces voltage noise on the step arising from fluctuations 
in the value of flux at which transitions between flux 
states occur. The corresponding intrinsic flux noise of 
the SQUID is (Kurkijarvi, 1973) 

(LI () ) 2 !27rk B T\ 4/ ~ 

s^/)- 5 — 2- -raH • (2 - 15) 

In the case of helium-cooled rf SQUIDs in which the 
tank circuit voltage is detected with a room-temperature 
amplifier, there is a second, extrinsic contribution to the 
flux noise. This arises in part because the noise tempera- 
ture of the rf amplifier is above the bath temperature 
and in part because a fraction of the coaxial line con- 
necting the tank circuit to the amplifier is at room tem- 
perature. We can represent these two contributions by 
an effective noise temperature T e a u , enabling us to write 
the noise energy due to intrinsic and extrinsic noise 
sources as (Jackel and Buhrman. 1975; Giffard et al, 
1976) 

r cff 

(2.16) 



L/ ( - } l 2irk B T \ 4 
2w Ti \ / 0 4> 0 / 



2n V k B r a 



Equation (2.16) makes two important points. First, e 
scales as l/w rf , up to a limiting value RiL. Second, for 
low-7 c SQUIDs, the extrinsic noise energy generally 
dominates the intrinsic noise: if we take the representa- 
tive values T 4 K, V 0.1. V 0.2. p L 2tt and Tf 
100 K, we find that the extrinsic noise energy is about 
20 times the intrinsic value. Thus, although we should be 
wary of extrapolating these results to 77 K where, to our 
knowledge, there are no simulations or calculations, the 
overall noise energy of the hysteretic rf SQUID should 
not increase very much as we raise the temperature from 
4 K to 77 K. This result is in contrast to the dc SQUID, 
which for properly designed circuitry is limited largely 
by intrinsic noise at 4.2 K, so that the overall noise en- 
ergy will increase significantly as the temperature is 
raised to 77 K. 



F. rf SQUID: Nonhysteretic mode 

To give an approximate account of the operation of 
the nonhysteretic rf SQUID we follow the description of 




4 6 

l rf /(<VMQ> 

FIG. 7. Tank circuit voltage V' r vs rf drive current I T for four 
values of the tuning parameter 6 [2(uj rf ojo)/w a ]Q and for 
<t> 0,<V2. Curves plotted for k 2 QP l tt/2 (Hansma, 1973). 



Hansma (1973), which is valid in the limits f3 L 1, where 
the total magnetic flux threading the SQUID is nearly 
equal to the applied flux, and oj rf I () R/<t> 0 . More gen- 
eral treatments are given, for example, by Jackel and 
Buhrman (1975), Erne et al (1976), Danilov et al 
(1980), Likharev (1986), and Ryhanen et al (1989). 

In the presence of a static flux <J> and rf flux 
4\ f sin o) T[ t, the current in the SQUID loop is 

/ /(jSin[f2 7774j () )(<i' * Tf sin o> rf M] 



4>o). 



(2.17) 



(2t7L/ 0 

The oscillating component of this current induces a cur- 
rent /, (MiZ)dlldi into the tank circuit, where Z 
R T i[u) x{ (L T M 2 IL) l/w rf C r ] is its impedance; 
the inductance of the tank circuit is modified by the con- 
tribution M 2 IL from the SQUID. If we assume that 
the rf frequency is near resonance and that Q is reason- 
ably large, we can neglect all frequency components 
other than the fundamental. Expanding the right-hand 
side of Eq. (2.17) in terms of the Bessel function J x , we 
find the induced current 



2k 2 QL1 {) 



TjrCOS 



Itt<P 



sin(w rf f 6). 



(2.18) 

Here, S 2[(w rf w () )/tt> t) ]Q is the normalized differ- 
ence between the rf frequency and the tank-circuit reso- 
nant frequency u> 0 , and 6 tan 1 8 -nil. 

The rf flux applied to the SQUID is MI T sin w rf /, 
where I T is the amplitude of the total current in the 
inductor which, in addition to the induced current given 
by Eq. (2.18), also contains a component of amplitude 
(?/ rf /(l S 2 ) 1 ' 2 produced by the external rf current. 
From Eq. (2 18) we see that the total current leads the 
induced current by a phase angle fV. The amplitudes of 
the total and external rf currents are related by 



(1 8 2 



2k 2 QLI, 



Q Wu 



2tt<I> 
> <!>„ 



/ r cos $\ l\ sin : 6 



(2.19) 



Figure 7 shows plots of V T vs / rf for <!' 0 and 4> 0 /2 for 
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four values of the tuning parameter S. We see that the 
response is insensitive to the flux in the SQUID for S 
0; thus the tank circuit for the nonhysteretic SQUID 
is operated off resonance. For a given value of S, the 
response shows a series of oscillations as I j{ is increased, 
arising from the oscillations of the Bessel function. The 
maximum peak-to-peak modulation of V T at fixed / rf is 
of the order of 2k 2 QL1 0 (o), { L t I A/), so that 



V^(2tTr)K 2 Qf3 L oj T{ L T IM 



(2.20) 



~(2iir)(K 2 QP L )u)^L T IL) m lK. 

This transfer function exceeds that of the hysteretic rf 
SQUID [Eq. (2.14)] by a factor of order k 2 Q@ l , which 
can be made larger than unity for the nonhysteretic case 
by choosing k 2 Q 1. 

The intrinsic noise energy of low-7 ( , nonhysteretic, rf 
SQUIDs has been calculated by several authors, and is 
approximately 3k B Ti(p L ) 2 o) c (Likharev, 1986), where 
the drive frequency is set equal to a) c RIL, the cutoff 
frequency of the SQUID. A noise energy as low as 20/i 
has been achieved by Kuzmin et al (1985). 

As a preamble to the discussion of nonhysteretic high- 
ly SQUIDs, we note that Falco and Parker (1975) suc- 
cessfully observed flux modulation in an rf SQUID at 2 
K with a supercurrent as low as 50 nA. The correspond- 
ing value of the noise parameter V 2rrk B TiI^ {) was 
about 1.7; at this high value, they were unable to observe 
any trace of supercurrent in an isolated junction. Thus it 
is evident that one can expect to operate an rf SQUID 
with substantially higher values of Y than is the case for 
the dc SQUID (see Sec. II. C). Although this important 
fact has been known experimentally for many years, 
only very recently has the work of Chesca (1998) pro- 
vided a quantitative explanation. In contrast to previous 
theories of the rf SQUID in which one regards thermal 
noise as a perturbation on a noise-free system, Chesca 
solves the Smoluchowski equation for the situation in 
which thermal fluctuations dominate. Thus both the sig- 
nal produced by the SQUID and the noise are found in 
a unified calculation that yields analytical results. For 
the case y3 L ^l and o> rf RIL, Chesca finds 



£ -3r 2 i 



T k 1 RIL \ exp(L/L th ) k B TL x 



T k-Q w rf / LIL 



R 



(2-21) 

Here, L th (4> 0 /2-n-) : /A: B T and T k is the effective noise 
temperature of the tank circuit, including any contribu- 
tion from the preamplifier. If one assumes L/L xh f$ L Y 
1 and that k 2 Q can be made sufficiently large that 
(T k /T)(R/<o j{ L)/K 2 Q 1, Eq. (2.21) can be written in 
the alternative forms 



E~3k B T!({] L ) 2 (R/L) 



(2.22a) 
(2.22b) 



~3k B TQ t) t27rP L I t) R. 

Interestingly, Eq. (2.22a) is identical to the result found 
perturbatively for the rf SQUID for low values of I\ The 
value for e in Eq. (2.22b) is equal to 3/477/2, (1 p L ) 
times that for the dc SQUID in the limit Y/3 L 0.2. 
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FIG. 8. e vs UL th for nonhysteretic rf SQUID at 77 K 
(Chesca. 1998). 

Equation (2.21) is plotted in Fig. 8 for the two cases 
(T k IT)(\Ik 2 Q)(RI(dL t{ ) 0 and 1, and for six values 
of T. One concludes from these plots that the optimal 
values are (Chesca, 1998) 



Pl 



i if r^i, 

\!Y if rs*l. 



(2.23a) 
(2.23b) 



We note that for the lowest value of Y plotted, 0.3, the 
curve is cut off at f3 L Y L/L xh 0.55, at which value the 
noise energy approaches 10 M JHz 1 for R lft. For 
the case Y^ 1, the noise energy is higher and the optimal 
SQUID inductance is approximately L th ^100pH at 77 
K. Again, this value is about two times higher than for 
the dc SQUID at 77 K. One consequence of this result is 
that one can expect to use rt SQUIDs with an area 
about two times higher than dc SQUIDs. 



III. THIN FILMS: FABRICATION AND Mi NOISE 

In this section, we discuss issues related to the fabri- 
cation of epitaxial thin films for high-T t SQUIDs and 
flux-coupling input circuits. Key requirements for the 
films are high crystalline quality and either elimination 
or efficient pinning of flux vortices, in order to achieve 
both good electrical transport properties and low levels 
of 1// noise. For some structures, for example, multiturn 
flux transformers (Sec. VI. C) or multiloop magnetome- 
ters (Sec. VI. D). one requires two or more supercon- 
ducting films separated by an insulating layer. Hence all 
layers must be of high crystalline quality. To achieve 
heteroepitaxial growth of such multilayer structures, it is 
essential that the various films have comparable lattice 
constants and thermal-expansion coefficients, that they 
are chemically compatible at the relatively high deposi- 
tion temperatures, typically 700 800 °C, and that they 
can be deposited with sufficiently smooth surfaces to al- 
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low subsequent layers to grow with high structural and 
electrical integrity and without electrical shorts between 
them. Moreover, one must be able to pattern the films 
without introducing a significant deterioration in their 
properties. 

A. Materials 

Despite the wide variety of high-T c compounds, work 
on SQUIDs has been mostly restricted to YBCO. This is 
largely because only YBCO films with their c axis nor- 
mal to the substrate ("c-axis films") have been shown to 
have sufficiently strong flux pinning at 77 K to ensure 
both high critical-current densities in the ab plane — 
several 10 6 A cm 2 — and acceptably low levels of \lf 
noise. Furthermore, because of the worldwide effort that 
has been focused on YBCO, its physical properties and 
growth mechanisms are well understood and high- 
quality thin films can be grown in situ by a variety of 
deposition techniques on a number of substrate materi- 
als. As a result, it seems unlikely that YBCO will be 
supplanted as the superconductor of choice, although 
NdBa 2 Cu 3 0 7 x is worthy of consideration because of its 
superior stability. 

There are a number of substrates suitable for growing 
high-quality YBCO films (for a discussion see Scheel 
etai, 1991; Somekh and Barber, 1992, Braginski. 1993, 
1996; Wellstood et ai, 1994; Phillips, 1996). To fabricate 
low-noise SQUIDs, one usually chooses substrates that 
are closely lattice matched to YBCO and have compa- 
rable thermal expansion coefficients, notably (100) 
SrTi0 3 , LaA10 3 , and NdGa0 3 , thus allowing the 
YBCO films to grow with a high degree of crystallo- 
graphic perfection. In addition, MgO substrates are fre- 
quently used since they are relatively inexpensive and 
allow one to grow YBCO films with acceptable electrical 
properties. 

B. Thin-film deposition 

Among the many different techniques used to deposit 
YBCO in situ (for reviews, see Somekh and Barber, 
1992; Phillips, 1993; Wellstood et ai, 1994), those most 
commonly applied to SQUID fabrication are pulsed la- 
ser deposition and sputtering, although a few groups 
have successfully used coevaporation. All of these tech- 
niques produce smooth YBCO films with excellent elec- 
trical properties. Typical YBCO films, 100-300 nm 
thick, grown on lattice-matched substrates such as 
SrTi0 3 (STO), have critical current densities at 77 K of 
(2 5) 10 6 A cm v The surface roughness of the best 
films, usually determined by atomic force microscopy, is 
below 10 nm and the half-width of the x-ray rocking 
curve (005 line) is typically 0.1 -0.3°. The critical-current 
densities in such films are two orders of magnitude 
higher than in high-quality YBCO single crystals, indi- 
cating that a high density of defects, which provide 
strong pinning sites, must be present. 

To deposit Ag or Au layers for contact pads, one can 
use thermal evaporation, electron-beam evaporation. 



sputtering, or ion-beam-assisted deposition, usually with 
the substrate at room temperature. To achieve a low 
metal/YBCO contact resistance ( 10 6 Hem 2 ) one 
should deposit the metal layer either in situ or after only 
a brief exposure to air (Russek et ai, 1994, 1996). If the 
YBCO film is stored in air for any length of time or 
exposed to photoresist, low-energy Ar-ion-beam clean- 
ing of the surface and/or postannealing in oxygen at 
400-500 °C is necessary to achieve a low contact resis- 
tance. 

C. Patterning 

Patterning techniques that are well established in 
semiconductor and low-7 c superconductor technology 
are not necessarily applicable to YBCO thin films. One 
immediate problem is that contact of YBCO with water 
or water-soluble chemicals degrades the superconduct- 
ing properties. Second, the use of dry-etching methods 
in a vacuum can lead to a significant heating of the 
sample and thus to oxygen loss at the edges. Given these 
limitations, however, a number of techniques have been 
used successfully to pattern YBCO films down to submi- 
crometer dimensions without degrading their properties; 
for reviews, see Braginski (1993) and Wellstood et ai 
(1994). 

Conventional photomasking followed by dry etching 
is the most widely used technique for patterning SQUID 
devices based on YBCO films or multilayers. However, 
sometimes special masks are used, especially for step- 
edge and ramp-edge junctions (Sec. IV) and for pattern- 
ing submicrometer structures (Barth et ai, 1993; 
Schneider et ai, 1993; van der Harg et ai, 1995). Among 
dry-etching methods, the most commonly used is Ar-ion 
beam milling. To minimize damage to the YBCO, one 
restricts the beam energies to between 350 and 500 eV, 
the latter being the most common value, and the beam 
current density to below 1 mA/cm 2 . To reduce heating 
of the film, it is also important to cool the sample, either 
with water or particularly for submicrometer dimen- 
sions, preferably with liquid nitrogen. Alff et ai (1992) 
and Schneidewind et ai (1995) reported systematic stud- 
ies of the effects of ion-beam voltage, current density 
and sample cooling on the dependence of the critical- 
current density on the linewidth of YBCO films. Gener- 
ally, for high-quality, c-axis YBCO films, the edges are 
damaged over a length of much less than 1 /im provided 
the sample is water-cooled and the beam energy and 
current density do not exceed the values given above. 

D. Multilayer processing 

All multilayer structures for multiturn llux transform- 
ers, integrated magnetometers and multiloop SQUIDs 
involve a YBCO/insulator/YBCO trilayer. Of course, 
additional layers might be advantageous, for example, a 
superconducting ground plane. However, although inte- 
grated magnetometers with up to 15 epitaxial layers 
have been made (Lee et ai, 1991), it is difficult to main- 
tain high crystalline quality throughout so many layers 
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as is required for low levels of 1/f noise. Thus we confine 
our attention to trilayers. The insulator is generally one 
of the substrate materials listed in Sec. III. A; the most 
widely used is SrTiO ? . As an alternative to the various 
insulating materials, PrBa 2 Cu 3 0 7 x (PBCO) has been 
used in the fabrication of multiturn flux transformers 
(Keene et al, 1993; Keene, Goodyear et al, 1994). 

An important issue related to the integrity of the in- 
sulator is the oxygen content of the lower YBCO film. 
To ensure proper oxygenation of a single YBCO film it 
is usually sufficient to vent the deposition chamber with 
0.5-1 atm. 0 2 and to cool the sample from the deposi- 
tion temperature to room temperature in about 30 min. 
The use of this process after the deposition of a high- 
quality insulating layer on a YBCO film can result in a 
reduced transition temperature because the insulator in- 
hibits the necessary oxygen diffusion (Humphreys et al, 
1991; Ludwig, Koelle et al, 1995; OckenfuB et al, 1995). 
To reoxygenate the lower YBCO film fully, one can ei- 
ther increase the annealing time considerably (Ludwig, 
Koelle et al, 1995) or perform the annealing in an oxy- 
gen plasma rather than in molecular 0 2 (Yanamoto 
etal, 1991; Humphreys et al, 1991; OckenfuB et al, 
1995). 

In actual multilayer devices, the need to pattern each 
layer separately, usually with photolithographic process- 
ing, greatly complicates matters. Multiturn flux trans- 
formers, integrated magnetometers and multiloop 
SQUIDs all contain the basic elements of a supercon- 
ducting interconnect technology: crossovers and vias. In 
these structures, one has to produce edges over which 
subsequent layers grow with high crystalline quality; in 
particular, the growth of YBCO over edges steeper than 
45° results in grain boundaries and thus leads to a reduc- 
tion in critical current (Jia et al, 1991). 

Various processes suitable for multilayer magnetome- 
ters were developed and have been extensively reviewed 
(Wellstood etal, 1994; Braginski, 1996). In the process 
that was used to fabricate most of the low-noise 
multilayer magnetometers discussed in Sees. VI. C and 
VI. D, each layer is patterned by Ar-ion beam etching. 
To obtain the gently sloped edges on the lower layers, 
essential for the epitaxial growth of subsequent layers, 
one usually bakes the photoresist after development, 
yielding to a significant rounding of the edges (David 
et al, 1994). The subsequent Ar-ion milling at an angle 
of typically 45-60° produces edges on the patterned film 
with ramp angles below 20°. Another key issue is the 
protection of the surface of the lower YBCO film, since 
photoresist attacks the YBCO surface thus degrading 
the growth of subsequent layers (Ludwig, Koelle et al, 
1995). To protect the YBCO, one commonly deposits an 
in situ SrTiO^ layer, 20-50 nm thick, over the lower 
YBCO film, thus preventing its contact with photoresist 
(Missert et al, 1993). Alternatively, a brief Ar-ion beam 
etch has been used to clean the surfaces before the 
deposition of the next layer (Keene, Goodyear et al, 
1994; Shen et al, 1995). With these techniques, critical- 
current densities up to 3 10 6 A cm 2 for crossovers 
(Ludwig, Koelle et al, 1995) and above 1 10 6 A cm 2 



for vias (Dilorio, Yoshizumi, Yang, Maung, Zhang, and 
Power, 1993; Keene et al, 1993) have been achieved in 
separate test structures at 77 K. 

E. 1/f Noise in YBCO films 

As we pointed out earlier, the main requirement for 
YBCO films used in SQUIDs is a low level of the mag- 
netic flux noise generated by the thermally activated 
motion of flux vortices. To optimize the deposition pro- 
cess one should, in principle, measure the flux noise of 
each YBCO film. To our knowledge, such noise mea- 
surements have been performed only by the Berkeley 
group. As a simpler alternative, many groups measure 
the critical-current density j c as an estimate of the flux 
pinning, but one must be careful in drawing conclusions 
about flux noise from measurements of j c . These mea- 
surements are generally performed with strong driving 
forces applied by currents, and thus provide information 
on the pinning of the vortex lattice, that is, on the pin- 
ning forces. In contrast, flux noise measurements, per- 
formed in weak magnetic fields (below 10 4 T) reflect 
the dynamics of weakly interacting vortices in the super- 
conducting sample and probe their pinning energies. For 
example, Ludwig, Koelle et al (1995) found that ex situ 
YBCO/SrTi0 3 /YBCO trilayers exhibited relatively high 
levels of flux noise despite the fact that similar test struc- 
tures had high critical-current densities in both YBCO 
films. Furthermore, flux noise measurements on YBCO 
single crystals irradiated with protons or heavy ions in- 
dicated that protons proved to be more effective in re- 
ducing the flux noise while both produced comparable 
increases in critical-current density (Shaw et al, 1996). 

To study the flux noise in high-T c thin films and single 
crystals, Ferrari et al (1988. 1989, 1994) measured their 
fluctuating magnetization using a low-7\ , thin film 
SQUID in the shape of a 1-mm-square washer. The 
SQUID was operated in a flux-locked loop with a typical 
flux noise of 2/A<t> 0 Hz 1/2 at 1 Hz. The experiment was 
designed to allow tight inductive coupling between the 
SQUID, maintained at or near 4.2 K, and the sample, 
the temperature of which could be raised to above T c . 
Subsequently, the availability of high-T f SQUIDs with 
low levels of llf noise allowed the measurement of the 
flux noise of high-7 c films in liquid nitrogen more 
straightforwardly by mounting them directly on such a 
SQUID, patterned into a 0.5-mm-square washer, with a 
typical flux noise of 15//<I> 0 Hz ]!Z at 1 Hz (Koelle et al, 
1993; Ludwig, Koelle et al, 1995, Ludwig, Dantsker, 
Koelle, Kleiner, Miklich. and Clarke. 1995). 

In their early work. Ferrari et al (1988) found that the 
\if flux noise of a YBCO thin film decreases dramati- 
cally as the crystalline quality of the sample improves. 
For example, for a polycrystalline YBCO film they 
found a flux-noise power of 3 10 4 * 2 /Hz at 1 Hz and 
40 K, whereas values below 10 10 <l> 2 ,/Hz at 1 Hz and 77 
K were obtained for high-quality epitaxial YBCO films 
(Shaw et al, 1996). On the other'hand, for YBCO single 
crystals, the flux-noise power at 1 Hz was more than a 
factor of 50 higher than the latter value, even after the 
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incorporation of artificial defects by proton irradiation 
(Shaw et al, 1996). This result indicates that there must 
be a high density of effective, intrinsic pinning sites in 
high-quality (that is, magnetically quiet) epitaxial 
YBCO films, but unfortunately, little is known about 
their nature. Thus a film with low 1// flux noise may 
have pinning sites with high activation energies or short 
hopping distances, or a combination of both; alterna- 
tively, the sample may simply contain fewer vortices. 
Studies in which various parameters controlling sample 
quality are systematically and independently varied are 
very much needed to shed light on these issues. Further- 
more, the microstructural quality of patterned film edges 
may also be crucial, although its impact on 1// noise has 
yet to be clarified. 

The general tendencies observed for single YBCO 
films also apply to multilayers. Since the upper YBCO 
film in patterned YBCO/insulator/YBCO trilayers tends 
to be of poorer quality than a single YBCO film, its flux 
noise is generally higher. Nevertheless, Ludwig, Koelle 
et al (1995) and Ludwig, Dantsker, Koelle, Kleiner, 
Miklich, and Clarke (1995) have demonstrated that a 
careful optimization of the multilayer fabrication pro- 
cess allows one to fabricate ex situ trilayers with low 
levels of 1// flux noise. 

Last, the level of 1// noise in a given film generally 
increases strongly with the ambient magnetic field in 
which it is cooled unless its linewidth is made sufficiently 
narrow. These issues are deferred to Sec. IX. 

IV. HIGH-7 C JOSEPHSON JUNCTIONS 

The requirements for a successful junction technology 
include a nonhysteretic f-V characteristic, with proper- 
ties close to the predictions of the RSJ model, a high 
I 0 R product, controllable and reproducible parameters 
(l 0 ,R,C), high yield, high stability under room- 
temperature storage and thermal cycling, and low Iff 
noise. These requirements are very well satisfied in low- 
T c junctions by the Nb-Al 2 O r Nb trilayer technology 
(Gurvitch et al, 1983). Unfortunately, a comparable 
high-7V technology does not yet exist, for the following 
reasons: First, in contrast to Nb. high-7 t materials re- 
quire epitaxial growth, imposing severe constraints on 
the choice of materials and processing techniques. Sec- 
ond, again in contrast to Nb, the superconducting coher- 
ence length f is both short and highly anisotropic, typi- 
cally 2 nm in the ab-plane and 0.2 nm in the c-axis 
direction. As a result, the properties of high-7\ materi- 
als are highly susceptible to structural and chemical 
changes on atomic length scales; in particular, the super- 
conducting order parameter can be strongly suppressed 
at a superconductor-insulator interface, in turn reducing 
the I () R product substantially (Deutscher and Muller. 
1987). Thus the superconducting electrodes need to 
have perfect crystallinity, and a well-defined interface 
has to be achieved within a single unit cell. Third, the 
barrier materials are generally oxides close to a metal- 
insulator transition with a complex crystal structure and 
a strong sensitivity to defects on an atomic length scale. 



As a result, transport across the barrier is highly depen- 
dent on microstructural imperfections in the barrier and 
at its interface with the electrodes. Thus a well-defined 
barrier with high crystalline quality and homogeneity is 
required. 

In the following we review those types of high-T c 
junctions which have been most successfully used in 
SQUIDs. We divide them into two classes (Gross et al, 
1997); junctions with intrinsic interfaces and junctions 
with extrinsic interfaces. We do not discuss a third class, 
junctions without interfaces (weakened structures), 
since these have not been used widely in practical de- 
vices. 

A. Junctions with intrinsic interfaces 

The strong anisotropy of high-7^ superconductors 
with respect to both crystal structure and transport 
properties provides the basis for new types of weak links 
exploiting intrinsic interfaces and/or barriers. This new 
class of Josephson junctions, which has no analog in low- 
T c superconductors, involves either the weak coupling 
in the ab plane between two superconducting grains 
with different orientations, the so-called grain-boundary 
junctions (GBJ's), or the intrinsic Josephson effect in 
the c-axis direction. While the feasibility of intrinsic Jo- 
sephson junctions (Kleiner et al., 1992; Kleiner and 
Muller, 1994) for SQUIDs has not been demonstrated, 
GBJ's were the basis of the first dc SQUIDs fabricated 
from polycrystalline thin films of YBCO (Koch et ai, 
1987). Although grain sizes and orientations were un- 
controlled, these devices provided the first evidence that 
high-7^ grain boundaries act as junctions and may be 
used in SQUIDs. Shortly after, junctions and dc 
SQUIDs were fabricated across single grain boundaries 
in epitaxial YBCO films on polycrystalline STO sub- 
strates (Tsuei etal, 1989; Hagerhorst et ai, 1989); Sub- 
sequently, engineered GBJ's were developed, and the 
most important types are bicrystal, and step-edge GBJ's 
[Fig. 9(a) and (b)l. Although important historically, 
biepitaxial GBJ's (Char et al. 1991) are no longer used 
for SQUIDs. because of their small R products. For 
reviews on GBJ's see Gross (1994) and Gross et al 
(1995). 

1. Bicrystal grain-boundary junctions 

The key to both the development of a useful high-7" c 
Josephson junction technology and the understanding of 
transport across grain boundaries was provided by the 
pioneering work at IBM. Yorktown Heights on bicrystal 
GBJ's (Chaudhari et al, 1988; Dimos et al, 1988; Man- 
nhart et ai, 1988. Dimos et ai, 1990; Gross et al, 1990a, 
1990b, 1991). These junctions are fabricated by the epi- 
taxial growth of a high-7\ thin film on a bicrystal sub- 
strate with a predetermined misorientation angle 6 [Fig. 
9(a)]. In contrast to other GBJ fabrication techniques, 
this method can be used to obtain arbitrary misorienta- 
tion angles and geometries, such as [001] and [100] tilt or 
[100] twist grain boundaries (Dimos et al, 1990), en- 
abling a systematic study of transport across high-T, 
grain boundaries. Their straightforward fabrication 
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(a) bicrystal GBJ (b) step-edge GBJ 




(c) step-edge SNS (d) ramp-edge 




FIG. 9. Types of high-7",. Josephson junctions. 

makes these junctions the most reliable and successful 
currently available, both for SQUIDs and more gener- 
ally for any application which does not require many 
junctions at arbitrary positions on the substrate. Any 
substrate which supports the epitaxial growth of high-7^ 
films is suitable, including SrTi0 3 (Dimos et al, 1988), 
YSZ (Ivanov et al, 1991), Si (Chen et al, 1991), 
NdGaO, (Quincey, 1994), MgO (Beck et al, 1995), 
LaA10 3 (Chen etui., 1996), and r plane A1 : 0 3 (Sap- 
phire) ( Vale et al , 1997). Most work on bicrystal junc- 
tions has involved YBCO, but other superconductors 
have been investigated, including Bi : Sr : CaCu 2 O s 
(Mayer etal, 1993). Tl 2 Ba 2 CaCu 2 O s (Kawasaki et al, 
1993), HgBa 2 CaCu : 0 6 (Gupta et al,, 1994), and 
La 185 Sr 015 CuO 4 (Beck et al, 1996). 

Bicrystal lunctions generally exhibit characteristics 
reasonably close to the RSJ model, provided 6 exceeds a 
critical value, about 10° for YBCO (Dimos et al. 1990: 
Gross, 1994). The critical-current density y £ for YBCO 
junctions decreases exponentially with increasing 6 
(Gross and Mayer. 1991; Ivanov et al, 1991) This be- 
havior is explained in part by the faceting of the grain 
boundary combined with (/-wave pairing symmetry 
(Hilgenkamp et al , 1996); however, it seems likely that a 
further contribution arises from an increase of the bar- 
rier thickness with increasing 6. For fixed 8, the critical- 
current density can be changed by more than one order 
of magnitude by appropriate annealing in oxygen (Ka- 
wasaki et al, 1992), implying that the barrier thickness 
or height depends on oxygen content. Most SQUIDs 
have been made on 24 c ' or 36° bicrystals, but recently 30° 
bicrvstals have also become commercially available. At 
77 K the l {) R{j c p n ) product of such junctions made from 
c-axis YBCO films on 24° bicrystals is typically 0.1 0.3 
mV; comparable values have recently been reported on 
30° bicrystals (Minotani, Kawakami et al, 1997; Beyer 
et al, 1998). The corresponding critical-current density 
j c is of the order of 10 4 A/cm 2 at 77 K and the 
temperature-independent specific resistance-area prod- 
uct p n is about 10 s 11 cm 2 . Although standard devia- 
tions in /(,/? of around 20% have been reported for junc- 
tions on a given bicrystal (Miklich et al, 1993), the 



parameters often vary much more widely because of 
variations in the quality of the bicrystal substrate 
(McDaniel et al, 1997). 

2. Step-edge grain-boundary junctions 

The step-edge GBJ, which is also widely used, is based 
on the fact that an epitaxially grown, c-axis YBCO film 
changes its orientation at a steep step in the substrate or 
deposited dielectric [Fig. 9(b)]. This technique, initially 
realized by Simon et al (1991), was subsequently refined 
by several groups (Herrmann et al, 1991; Sun, Gal- 
lagher, Callegan et al, 1993; Herrmann et al, 1995; 
Pettiette-Hall et al, 1995; Yi et al, 1996). Common sub- 
strate materials are SrTi0 3 and LaA10 3 . For large step 
angles (a 70°) the two grain boundaries grow with dif- 
ferent orientations, causing the lower junction to have a 
much lower critical-current density than the upper junc- 
tion (Jia et al, 1992). Thus, at least for currents not too 
far above / 0 , the junction properties are determined 
solely by the lower grain boundary. 

The substrate steps are aligned along major cubic axes 
of the substrate, and are usually patterned by standard 
lithography and Ar-ion milling so that their location can 
be chosen at will. This advantage over the bicrystal tech- 
nique enables one to fabricate more complex circuits. 
Even for SQUIDs which require only one or two junc- 
tions, this flexibility in layout can be important, for ex- 
ample, for minimizing parasitic inductances. 

It has been proposed that the grain boundaries 
formed at step edges behave as junctions because of 
their defect structure (Herrmann et al. 1995), since 90° 
grain boundaries in planar films do not exhibit such be- 
havior. Thus the properties of step-edge junctions de- 
pend strongly on the microstructure of the milled step 
and on the film-growth conditions, leading to greater 
spreads in parameters than for bicrystal junctions. The 
use of carbonlike diamond masks and very low milling 
rates improve the definition of the steps, and hence their 
reproducibility (Sun. Gallagher, Callegari et al, 1993; Yi 
et al. 1996). Dillmann et al (1996) have used annealing 
processes to trim the parameters of their junctions. For a 
detailed review of the fabrication of step-edge junctions 
for SQUIDs, see Braginski (1996). 



B. Junctions with extrinsic interfaces 

This class of junctions involves a thin, deposited inter- 
layer of insulating or normal material between two su- 
perconducting electrodes. Hence extrinsic interfaces are 
involved, and the control of their properties requires an 
advanced fabrication technology, usually involving the 
heteroepitaxial growth of high-7^ and interlayer materi- 
als. The transport and noise properties of these junctions 
are even less well understood than those for GBJs. Al- 
though low-noise SQUIDs based on these junctions 
have been reported, the absence of reproducible fabri- 
cation processes has hindered their widespread use. Fig- 
ures 9(c) and (d) illustrate two possible configurations: 
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the step-edge junction with a non-epitaxial noble-metal 
interlayer, and the ramp-edge junction with an epitaxi- 
ally grown interlayer. 

1 . Step-edge SNS junctions 

Dilorio et al (1991), Dilorio, Yoshizumi, Yang, 
Maung, Zang, and Power (1993), and Dilorio et al. 
(1995) introduced the SNS junction illustrated in Fig. 
9(c), and systematic studies of their properties have 
been carried out at NIST (Ono et al, 1991, 1993; 
Rosenthal et aL 1993; Reintsema et al, 1995) and FZ 
Julich (Grove et al, 1996; Bode et al, 1996). In principle, 
fabrication is simple: one cuts a steep step in the sub- 
strate, 50-100 nm high, using photolithography and Ar- 
ion milling, and deposits a high-7\ film directionally. so 
that the film does not grow on the step. Without break- 
ing vacuum, one fills the gap by directional deposition of 
a Au or Ag layer, which makes contact to the a-b planes 
of the high-Tr films. 

Very high I 0 R products, up to 1 mV at 77 K, and high 
normal resistance, above 10 ft for 4- 8 /im widths, have 
been reported. However, the transport and noise prop- 
erties are still unsettled issues. The I-V characteristics 
often exhibit excess current. The normal resistance ap- 
pears to be determined by the boundary resistance at 
the SN interfaces, and various models for the transport 
have been suggested, for example, SINIS (Reintsema 
et al, 1995) or ScNS (Bode et al, 1996); c denotes point 
contacts at the SN interfaces. The major problem ap- 
pears to be the lack of control of the interface properties 
which determine R and are most likely responsible for 
the large spreads in / () . These difficulties have hindered 
the widespread application of this type of junction to 
SQUIDs. 

2. Ramp-edge Josephson junctions 

These junctions require the fabrication of an epitaxial 
trilayer with two superconducting electrodes separated 
by a thin barrier layer. Current transport is along the 
a-b planes of the c-axis oriented electrode films, taking 
advantage of the larger coherence length along this di- 
rection. One fabricates a ramp-edge junction [Fig. 9(d)] 
by first depositing a YBCO film and covering it with a 
thick, insulating film. Next, one patterns a ramp with a 
shallow angle (typically 10° to 20 J ) using ion milling or 
anisotropic wet etching, and finally deposits the barrier 
material and top electrode in situ. The top electrode ef- 
fectively shields the magnetic-field component normal to 
the film surface. Hence ramp-edge junctions may offer 
an important advantage over planar GBJs for operation 
in magnetically unshielded environments. Furthermore, 
ramp-edge junctions may be more robust against aging 
and thermal cycling compared to GBJ's since the 
barrier/interfaces are not directly exposed to the envi- 
ronment. 

Gao et al (1990, 1992) pioneered ramp-edge junctions 
with YBCO electrodes and a PrBa 2 Cu 3 O v barrier. Sub- 
sequently, many other barrier materials such as ruthen- 
ates or doped YBCO have been investigated (see, for 



example. Gross et al, 1997 and references therein). The 
key requirement is a lower electrode with a smooth 
ramp edge of excellent crystalline quality to support the 
growth of a thin, homogenous barrier. Thus any damage 
caused by milling the ramp or by its exposure to air has 
to be healed prior to deposition of the barrier. The need 
to pattern the ramp with an ex situ process can be 
avoided by patterning the lower electrode with a micro- 
shadow mask (Strikovskiy and Engelhardt, 1996). 

Ramp-edge junctions with Ca- or Co-doped YBCO 
barriers show behavior close to proximity effect cou- 
pling (Kleinsasser and Delin, 1995; Delin and Klein- 
sasser, 1996), with low or negligible interface resistance, 
but with junction resistances too low for SQUID appli- 
cations. On the other hand, for ruthenate or PBCO bar- 
riers the junction resistance is dominated by interface 
resistance rather than the intrinsic barrier resistivity, and 
transport is explained via tunneling through localized 
states in the barrier or interface, which has a high defect 
density (Domel et aL, 1995; Satoh et al, 1995; Schilling, 
1997). Using bromine etching to form the ramp, Faley, 
Poppe, Jia et al (1995) fabricated a quasiplanar junction 
with PBC(Ga)0 barriers that exhibited negligible inter- 
face resistance; hence the resistance of these junctions 
scaled with barrier thickness. Junctions 5 /xm wide and 
with barriers 20 nm thick exhibited I-V characteristics 
close to that of the RSJ model with / 0 /?-200/zV and 
R — lCi at 77 K. making them good candidates for 
SQUIDs. 



C. Discussion of high-T c junctions 

For most high-7 f junctions, one finds the following 
common properties: 

(i) They are internally shunted and at 77 K produce 
I-V characteristics reasonably close to the RSJ 
model. The most common deviation from the RSJ 
characteristic is an excess supercurrent. Possible 
candidates for its origin are a nonsinusoidal 
current-phase relation (Ilichev et al, 1998), super- 
conducting shorts through the barrier, or Andreev 
reflection at the barrier interfaces (Alff et al, 
1998). At lower temperatures, that is, higher criti- 
cal currents, the characteristics may become hys- 
teretic, implying that even at 77 K /3 t may not be 
too much below unity. 

(ii) The critical-current density generally increases 
linearly with decreasing temperature, while, at 
least for GBJ's, the resistance-area product p n is 
nearly independent of temperature (Gross, 1994). 

(iii) The /„/? (y t p„) products are smaller than the gap 
voltage, typically below 300 at 77 K. Values of 
j t p n up to about 1 mV at 77 K have been reported 
for some junctions, but always seem to be associ- 
ated with large excess currents. Grain-boundary 
junctions (Gross, Chaudhan. Kawasaki et al, 
1990; Russek et al, 1990; Hermann et al, 1991) 
and junctions with artificial barriers show a scal- 
ing ; ( p„ a (y ( where /?M),5 over seven orders of 
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FIG. 10. Scaling behavior of various high-7 f Josephson junc- 
tions: (a) I {i R product vs critical current-density j c at 4.2 K; a 
line with slope 0.5 has been drawn through the data (Gross 
et ai, 1997); (b) fs R vs normal resistance R\ the dashed line is 
a guide to the eye (Marx and Gross. 1997). 



magnitude in j c , as shown in Fig. 10(a) (Gross, 
1994; Gross et ai, 1997, and references therein), 
(iv) Most junctions exhibit large levels of low- 
frequency Vf noise arising from fluctuations of 
the critical current and the junction resistance 
(Kawasaki et ai, 1992; Miklich et ai, 1992; Marx, 
Fath etai, 1995). The normalized spectral densi- 
ties s } = S f III and s R = S R IR 2 for critical-current 
and resistance fluctuations are temperature inde- 
pendent and proportional to the junction resis- 
tance (Marx and Gross, 1997), as shown in Fig. 
10(b). Defining Sjjl\ a 2 lf one finds typically 
a 2 ^\0 * RIQ, which is about three orders of 
magnitude larger than for Nb junctions with shunt 
resistances of a few ohms (Foglietti et ai, 1986; 
Savo et ai, 1987). Furthermore, the relation 
{sjis R ) m ~\l(\-p) observed for GBJs (Gross, 
1994, Marx, Fath et ai, 1995) strongly suggests 
that the low-frequency noise and scaling of I () R 
have the same microscopic origin. 

The universal scaling of j c p n , s f , and s R is an impor- 
tant feature of high-r, junctions because it may be the 
key to understanding their transport and noise proper- 
ties and offers the possibility of adjusting important 
junction parameters for optimum SQUID performance. 
The fact that both GBJ's and junctions with artificial 
barriers have the same scaling suggests a common trans- 
port mechanism governed by thin interface layers. How- 
ever, the details of this mechanism are still controversial. 



Since proximity effect coupling cannot explain the ob- 
served transport properties for the vast majority of junc- 
tions, several models have been proposed that include 
the effects of a boundary resistance between S and N 
layers (SNIS, SINIS) (Kupriyanov and Likharev, 1990) 
or of constrictions (ScNS. SNcNS) (Aminov et ai, 1996; 
Golubov and Kupriyanov, 1996). On the other hand, for 
grain-boundary junctions it has been proposed that reso- 
nant tunneling of quasiparticles via localized states in an 
insulating barrier acts as an intrinsic normal shunt 
(Gross and Mayer, 1991). This model, known as the in- 
trinsically shunted junction model, naturally explains the 
low I 0 R product in terms of an intrinsic shunt due to a 
high density of localized states. The universal scaling of 
I 0 R with j c suggests that the density of localized states is 
about the same in all junctions. The trapping and release 
of charge carriers in localized states lead to fluctuations 
in the local barrier height which cause 7 0 and R to fluc- 
tuate with antiphase correlation (Marx, Alff et ai, 1995), 
thus explaining the high level of i/f noise in junctions 
with a high density of localized states. The same scaling 
of I 0 R with j c is predicted by a channel model (Moeckly 
et ai, 1993) in which the Josephson current in GBJ's is 
restricted to narrow superconducting filaments in a 
weakly conducting medium. However, this model can- 
not account for the observed phase correlation of 7 () and 
R fluctuations, since the superconductive and resistive 
channels are spatially separated. 

The scaling behavior described above has important 
consequences for the optimization of SQUIDs. At T 

11 K, j c is typically 10 4 A/cm 2 for 24° YBCO grain 
boundaries, corresponding to / 0 /?^100^aV. Hence for 
junctions of width w and thickness d^lQQnm critical 
currents of about 20/xA(w/^m) are typical. Thus to 
achieve fi L 1 for an inductance L~50pH one requires 
w—l /xm, close to the minimum linewidth achievable 
with photolithography. Increasing I {) R with oxygen an- 
nealing or reducing the misorientation angle may not be 
very useful unless one can achieve submicron patterning 
without significant damage to the edges of the film. We 
note that for p 0.5, an increase in I 0 R by a factor of 3 
requires an increase in j c by an order of magnitude. An 
alternative to submicron patterning may be thinning of 
the film in the junction region; however, this approach is 
not applicable to all types of junctions, may be detri- 
mental to the junction properties, and can contribute a 
significant kinetic inductance. 

Clearly, it is highly desirable to have a lower critical- 
current density for the same I U R product, but this would 
require reduction of the density of localized states 
which, in turn, would result in an increase of p n for fixed 
j c . Even if this goal could be achieved, since p ( 
^; ( p~C v increases with p~ for fixed j t . and C\ , such junc- 
tions may become hysteretic at 77 K. In contrast, a 
change in /„/?*/ '. /2 causes j c p 2 n to be constant and leaves 
p c approximately unchanged (neglecting the change in 
the specific capacitance C T with effective barrier thick- 
ness). Although junctions with high values of p n are oc- 
casionally reported in the context of high performance 
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FIG 11. Five configurations of planar dc SQUID fabricated at 
Berkeley Dashed lines indicate the bicrystal boundary along 
which the junctions are formed Outer dimension is typically 
500 500 /im 2 . 



dc SQUIDs (Lee et al, 1995; Glyantsev et al, 19%), de- 
tailed data on their transport characteristics have not 
been presented. 

For the optimization of SQUIDs a detailed knowl- 
edge of the junction transport mechanism may not be 
necessary- However, control of the junction parameters 
is essential, and may only be possible if the transport 
mechanism is understood. This, in turn, may require the 
fabrication of junctions with well-defined interfaces and 
barriers. Such a technology is not yet at hand: spreads in 
/ 0 and R are typically 20% on chip and usually much 
higher from chip to chip Although these large spreads 
may be unacceptable for applications which require 
many junctions, they have not prevented the fabrication 
of low noise SQUIDs. Nevertheless, to allow a more 
systematic study of SQUID performance and to clarify 
discrepancies between experimental results and theory 
for high-r f dc SQUIDs (Sec. V.C). a more reproducible 
technology is highly desirable To complicate the issue, 
integrated SQUID magnetometers may require the in- 
corporation of high-quality junctions into low noise 
thin-film multilayers. The successful integration of a 
controllable, high-yield junction technology with a low- 
noise multilayer technology has still to be demonstrated. 



V. dc SQUIDs 

A. Practical devices 

Early high-7~ t dc SQUIDs were generally fabricated 
in the geometry of a square washer, following the most 
widely used configuration of low-7~ ( SQUIDs (Ketchen, 
1981; Jaycox and Ketchen, 1^81). Figure 11 shows a se- 
lection made at Berkeley. In these devices, it was implic- 
itly assumed that ultimately the SQUIDs would be in- 
ductively coupled to flux transformers with planar, spiral 
input coils as is common practice with low-7 ( . magneto- 
meters. Subsequently, various other magnetometer con- 
figurations emerged, in addition to the multiturn flux 
transformer (Sec. VI. C), and for reusons of minimizing 
the 1// noise in ambient magnetic fields (Sec. IX. A) it is 
desirable to make SQUIDs with rather narrow line- 
widths. Thus a wide variety of SQUID configurations 
have been investigated, and we do not attempt to review 
them here; rather we shall describe some of the more 
useful types in Sec. VI in the context of magnetometers. 
Most SQUIDs are still made with either bicrystal or 
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FIG. 12. I-V characteristics of bicrystal, type B dc SQUID at 
77K;L 41 pH, / 0 120 M A, R 1.28 0. 

step-edge grain-boundary junctions, and these have 
yielded the highest performance to date. 

With few exceptions, the SQUID is immersed directly 
in liquid nitrogen. To attenuate external magnetic-field 
fluctuations, above all the ubiquitous 50 or 60 Hz fields 
and their harmonics, one may surround either the dewar 
with a mu-metal shield or the SQUID with a high-7V 
shield. Mu-metal shields have the advantage of reducing 
both the ambient static field and time-varying field sub- 
stantially, while high-7^ shields generally offer greater 
attenuation of time-varying fields, but do not reduce the 
ambient field if they are cooled in it. Thus a combination 
of both types of shields is often desirable in evaluating 
the intrinsic noise of SQUIDs. It is also imperative to 
exclude radio-frequency interference, most commonly 
by running the measurement in a screened room. 

Figure 12 shows a representative I-V characteristic 
for a YBCO SQUID, grown on a STO bicrystal, oper- 
ated at 77 K. In Fig. 13 we have plotted the voltage V 
across the SQUID vs the applied flux <t> for a series of 
bias currents. As the current is increased, the amplitude 
of the oscillations increases smoothly to a maximum and 
then decreases. The SQUID is normally operated at the 
bias current that gives the maximum value of V lX> . 

B. Readout schemes 

In virtually all applications, SQUIDs are operated in a 
flux-locked loop in which the voltage change across the 
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FIG. 13. V vs 4> for dc SQUID of Fig. 12 for seven values of 
bias current. 
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FIG. 14. Flux-locked loop for dc SQUID. 

SQUID induced by an applied flux is amplified and fed 
back as an opposing flux. This feedback circuit linearizes 
the response of the SQUID, provides a straightforward 
means of measuring the intrinsic noise of the SQUID, 
and enables one to track inputs equivalent to many flux 
quanta. The input stage of the electronic circuitry is de- 
signed to add negligibly to the intrinsic noise of the 
SQUID. Drung (1996) has given a detailed review of a 
variety of schemes; here we review briefly the two most 
commonly used. 

1 . Flux modulation 

In the widely used flux modulation scheme (Forgacs 
and Warnick, 1967), shown in Fig. 14, one applies a sinu- 
soidal or square-wave flux modulation to the SQUID 
with a peak-to-peak amplitude of <t> 0 /2 and a frequency 
f m of typically 100 kHz. The resulting alternating voltage 
across the SQUID is coupled to a room-temperature 
preamplifier via either a cooled LC series-resonant cir- 
cuit (Clarke era/., 1976) or a cooled transformer 
(Ketchen et al, 1978). The voltage gain of either cou- 
pling circuit is usually chosen to transform the dynamic 
resistance of the SQUID at its operating point to the 
value required to optimize the noise temperature of the 
preamplifier. Since this noise temperature is typically a 
few kelvin, the preamplifier contributes negligible noise 
to a device operating at 77 K. After amplification, the 
signal is lock-in detected at the frequency f m . If the qua- 
sistatic flux is n<S> 0 (n is an integer), the K-cJ) curve is 
symmetric about this local minimum and the voltage 
contains components only at the frequency 2f m . Thus 
the output of the lock-in detector is zero. On the other 
hand, if the flux is shifted away slightly from the local 
minimum, the voltage across the SQUID contains a 
component at frequency f m and there will be an output 
from the lock-in detector. After integration (cf. Fig. 14), 
this signal is fed back as a current through a feedback 
resistor R f to a coil inductively coupled to the SQUID; 
usually the same coil is used for both flux modulation 
and feedback. The flux fed back opposes the applied flux 
to keep the flux in the SQUID constant; the voltage 
developed across Rf is proportional to the applied flux. 
One can measure the intrinsic flux noise of the SQUID 
by connecting the output voltage to a spectrum analyzer 
in the absence of any input signal. 

Ideally, the bandwidth for an optimized flux-locked 
loop extends to one half the modulation frequency. For 
unshielded applications in which the SQUID is exposed 



to the magnetic noise of the environment, a more impor- 
tant figure of merit is often the slew rate, that is, the 
maximum rate of change of flux that the system is able 
to track without losing lock. For an ideal single-pole in- 
tegrator, the slew rate is 2 7i/i<I> 0 /4, where f x is the fre- 
quency at which the open-loop gain of the feedback loop 
falls to unity (Drung, 1996). A considerable improve- 
ment in the slew rate at low frequencies can be achieved 
by means of a two-pole integrator (Giffard, 1980; Well- 
stood et al, 1984). Using a high-T r SQUID with a 500- 
kHz flux modulation and a single-pole filter, Dantsker 
et al (1994) obtained a slew rate of 10 5 <t> 0 s 1 at 900 Hz. 
Recently, Koch et al. (1996) described a flux-locked loop 
with a modulation frequency of 16 MHz, using a reso- 
nant matching circuit with a superconducting, thin-film 
transformer to match the SQUID to the amplifier. The 
system had a closed-loop bandwidth exceeding 2.5 MHz 
and a slew rate greater than 10 6 <t> 0 s 1 at frequencies up 
to 1 MHz. Subsequently, Penny et al. (1997) used a 
transmission-line transformer feeding a matched trans- 
mission line to couple the SQUID to the amplifier. With 
a low-r c SQUID they achieved a bandwidth of 5 MHz, 
a slew rate of 1.9 10 6 <fc 0 s 1 at 200 Hz, and a flux noise 
of 5.5^^0 Hz m . The performance with high-T c 
SQUIDs has not yet been reported. 

A further issue of particular importance when the out- 
puts of SQUIDs are subtracted to form electronic gradi- 
ometers (Sec. VIII. A) is the linearity of the flux-locked 
loop. To investigate the nonlinearity, Nichols et al. 
(1996) measured the harmonic generation using a high- 
T c SQUID with 130-kHz flux modulation and a single- 
pole integrator. For input signals at frequencies up to 
248 Hz and rms amplitudes up to 20 <t> 0 , 2nd, 3rd, and 
4th harmonics were each 115 dB below the fundamental. 
At higher frequencies the harmonic content began to 
increase because of the reduction in the open-loop gain. 
It was also shown that the amplitudes of the even har- 
monics depended critically on the amplitude of the 130- 
kHz flux modulation, becoming zero when the peak-to- 
peak value was precisely 4> (] /2. 

The slew rate and linearity that have been achieved 
are likely to be adequate for most applications in which 
the magnetometer is static. For situations in which the 
magnetometer is moved in the earth's magnetic field — 
for example, in towed systems — the demands are sub- 
stantially higher, and the performance may or may not 
be adequate. 

As will be shown later (Sec. V.D), fluctuations in the 
critical current and resistance of the junctions are a ma- 
jor source of \!f noise in dc SQUIDs. Fortunately, their 
contributions can be greatly reduced by a number of 
schemes (Koch et al, 1983; Foglictti et al. 1986; Dossel 
et al, 1991), which have been successfully applied to 
high-r f SQUIDs (Koch et al, 1992; Miklich etal, 1993; 
Grundler, Eckart et al, 1993). At the operating point of 
SQUIDs, the critical-current noise dominates the resis- 
tance noise and contributes Iff noise in two ways. Fluc- 
tuations at frequencies f m that are in phase at the two 
junctions give rise to a voltage noise across the SQUID 
that is eliminated by flux modulation at frequency f m . 
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FIG. 15. Principle of bias-reversal scheme to reduce Iff noise 
due to out-of-phase critical-current fluctuations. The left-hand 
column shows the V-<t> curves (solid lines), and the dashed 
lines indicate the effect of (a) an external flux change #J> and 
(b) a flux change 8a generated by out-of-phase critical-current 
fluctuations. The right-hand column shows, as a function of 
time f, (top to bottom) the flux modulation 4> m , the bias cur- 
rent /, and the reference voltage V r used to lock-in detect the 
signal from the SQUID; the next three rows are for an external 
flux change St>, and show the voltage V across the SQUID, the 
voltage V, across the secondary of the tuned transformer and 
the output V i of the lock-in detector; the last three rows show 
the same voltages for an out-of-phase critical-current fluctua- 
tion (Koch et a/., 1983). 



Fluctuations that are out-of-phase at the two junctions 
are equivalent to a flux noise that is not reduced by this 
scheme. Instead, one makes use of the fact that the ap- 
parent shift of the V-<X> characteristic along the flux axis 
changes polarity if one reverses the polarity of the bias 
current whereas the flux due to an input signal (or "flux 
noise") does not. 

As an example of one of the bias-reversal schemes, we 
briefly describe that developed by Koch ei ai (1983); the 
principle is illustrated in Fig. 15 and its implementation 
in Fig. 16. The SQUID is flux-modulated with a 100-kHz 
square wave of peak-to-peak amplitude <t> m <IV2- Syn- 
chronously with the modulation, the bias current / 
through the SQUID is reversed, for example, at a fre- 
quency f r 3.125 kHz. The resistance bridge shown in 
Fig. 16 minimizes the 3.125 kHz switching transients 
across the transformer. Simultaneously with the bias re- 
versal, a flux <t> 0 /2 is applied to the SQUID. In Figs. 
15(a) and (b) we see that the bias reversal changes the 
sign of the voltage across the SQUID while the flux shift 
ensures that the sign of the flux-to-voltage transfer func- 
tion remains the same. The transformer coupling the 
SQUID to the preamplifier is often tuned at the modu- 
lation frequency with a p of about 3, so that any 100- 
kHz signals at the secondary are approximately sinu- 
soidal 

We assume that the SQUID is operated in the usual 
flux-locked loop, with the output from the lock-in detec- 
tor integrated and fed back to the SQUID (Fig. 16). 
Thus the 100-kHz signal across the SQUID consists of 
just the error signal. Suppose now that we apply a small 
external flux to the SQUID at a frequency well be- 
low/,. . The V-<f> curves are shifted as in Figs. 15(a), and 
the 100-kFLz flux modulation switches the SQUID be- 
tween the points 1 and 2 for positive bias and 3 and 4 for 
negative bias. As a function of time, the voltage V across 
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FIG. 16. Schematic for flux-locked loop with bias current reversal. Cryogenic components are enclosed in the dashed box (Koch 
et ai, 1983). 
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FIG. 17. Spectral density of flux noise of representative high- 
er dc SQUID with flux modulation and bias current reversal. 

the SQUID is as shown in Fig. 15, and the signal across 
the tuned transformer V, is at the fundamental fre- 
quency. When this signal is mixed with the reference 
voltage V r , the output from the lock-in detector V / will 
consist of a series of negative-going peaks for both po- 
larities of the bias current. The average of this output 
produces a negative signal proportional to #t> which is 
then used to cancel the flux applied to the SQUID. 
Thus, in the presence of bias reversal and flux shift, the 
SQUID responds to an applied flux in the usual way. 

We consider now the effects of 1// noise on the critical 
currents. The in-phase mode is eliminated by the 100- 
kHz flux modulation. Suppose, instead, we have an out- 
of-phase critical-current fluctuation at a frequency be- 
low f r . Because the flux generated by this fluctuation 
changes sign when the bias current is reversed, the V-<P 
curves are displaced in opposite directions. As a result, 
the voltage across the SQUID undergoes a phase 
change of tr when the bias current is reversed, as shown 
in Fig. 15. Consequently, the voltage at the output of the 
lock-in due to the out-of-phase critical-current fluctua- 
tion changes sign each time the bias current is reversed, 
and the time average of the signal over periods much 
longer than l/f r is zero. Thus the l/f noise due to both 
in-phase and out-of-phase critical-current fluctuations is 
eliminated by this scheme. 

Figure 17 shows the spectral density of the flux noise 
of a representative SQUID operated with flux modula- 
tion and with and without bias reversal. Without bias 
reversal, l/f noise is evident for frequencies below about 
2 kHz. The application of bias reversal reduces the level 
of l/f noise dramatically, by two orders of magnitude at 
1 Hz, demonstrating that the l/f noise indeed arose from 
critical-current fluctuations. 

2. Direct readout 

A "direct readout" scheme eliminates the need for a 
coupling network between the SQUID and the ampli- 
fier, and enables one to use particularly simple electron- 
ics for the flux-locked loop (Drung, 1994). In addition, it 
allows one to achieve bandwidths around 10 MHz rela- 
tively easily (Drung, 1996). The output of the current- 
biased SQUID is connected directly to one terminal of a 
low-noise, bipolar amplifier; an offset bias voltage is ap- 
plied to the other terminal. After amplification, the sig- 



nal is integrated and fed back via a resistor to a coil 
coupled to the SQUID. Since the preamplifier noise, 
typically 1 nVHz 1/2 , usually dominates the SQUID 
noise, typically 0.1 nV Hz lL for low- T c SQUIDs, it 
must be reduced to a tolerable level by increasing the 
transfer function. In the additional positive feedback 
(APF) scheme (Drung et ai. 1990) this increase is 
achieved by shunting the SQUID with an inductor L fl , 
with a mutual inductance M a to the SQUID, in series 
with a resistor R a . When the SQUID is current biased, a 
change in the voltage across the SQUID due to an ap- 
plied flux generates a current through the shunting net- 
work and a flux in the SQUID. Thus the V-<P charac- 
teristic becomes asymmetric, and the transfer function is 
enhanced by a factor \l{ 1 G a ) in the region of positive 
feedback; here 

G a [M a (dWdI) v ]V*tR a (5.1) 

is the APF gain. The maximum slew rate is concomi- 
tantly reduced by a factor (1 G Q ). Thus for wideband 
systems G a should be just high enough to make the ef- 
fect of the preamplifier voltage noise negligible com- 
pared to the intrinsic SQUID noise. For a Iow-7V 
SQUID and an effective APF gain of 0.57, a flux-locked 
bandwidth of 5 MHz was achieved with a white flux 
noise of 3Ajjl<P 0 Hz 1/2 , corresponding to a magnetic- 
field noise of 1.6 fTHz 1/2 . We note that the flux-to- 
current transfer coefficient of the SQUID at constant 
voltage, (d$fdl) v , is not affected by APF, so that the 
current noise of the amplifier may become important. If 
necessary, this contribution can be reduced by bias- 
current feedback (Drung and Koch, 1993). 

To remove l/f noise due to critical-current fluctua- 
tions, as for the flux-modulation scheme, one has to re- 
verse the bias current (Drung, 1995); at the same time 
the bias voltage is reversed and a flux shift is applied to 
maintain the same polarity of the flux-to-voltage transfer 
function. Using this bias-reversal scheme, Ludwig et ai 
(1997) recently reported a modified, directly coupled 
flux-locked loop for high-T f SQUIDs. Using a preamp- 
lifier with a voltage noise of 0.44 nV Hz 1/2 , their high- 
er SQUIDs could be operated without APF with a total 
rms white noise typically 20% higher than the intrinsic 
rms noise of the SQUID. For an optimum bias-reversal 
frequency of around 100 kHz, it was demonstrated that 
l/f noise due to critical-current fluctuations can effec- 
tively be suppressed without increasing the white-noise 
level (Drung, Ludwig et ai, 1996; Drung, Dantsker et ai, 
1996; Ludwig et ai, 1997). In addition, a maximum 
bandwidth of about 1 MHz and slew rates close to 
10 6 <t> 0 /s were achieved. 



C. White noise 

In this section, we present data on the white noise 
measured by a number of groups: Biomagnetic Tech- 
nologies, Inc., San Diego, Philips, Hamburg, University 
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of California, Berkeley, University of Hamburg. Univer- 
sity of Jena, and University of Twente. The SQUIDs 
were made with either grain-boundary or SNS ramp- 
edge junctions. For the devices discussed, L ranged from 
10 to 210 pH, and I 0 R from below 10 to 300 fxV. 
Although values of I Q R of 300 fxV or larger are desir- 
able, such values are generally achieved only with high 
values of /„ . As a result, p L is often well above unity, 
and sometimes greater than 10. Values of p L near unity 
were achieved only for I Q R below 200 /xV. One should 
bear in mind that some of the estimated values of L are 
likely to be rather uncertain, because of both the intri- 
cate geometries of the SQUID loops and the possible 
contributions of kinetic inductance (Topfer and Uhl- 
mann, 1994; Hildebrandt and Uhlmann, 1995). 

We now compare the measured results with the theo- 
retical predictions of Sec. II. C. Similar comparisons have 
been made by Enpuku (1993) and Enpuku et al (1993, 
1994), Enpuku, Tokita et al (1995), Keene et al (1995), 
and Koch (1997). To give an overview of SQUIDs with 
widely varying parameters, it is convenient to present 
the results in terms of the dimensionless parameters T, 
p L , and T p L . For the devices discussed, T ranges from 
0.004 to 1.8, p L ranges from 0.12 to 65, and Tp L ranges 
from 0.03 to 0.65; the majority of the values of Tp L are 
above the desirable upper limit of 0.15. 

We begin by recalling from Sec. II that t^(/3 L 'X Pl) 
/(^)g(r/3J, with f(p L ) v^Pl'SPl iAt) and 
g{Yp L ) v 6 (p L XP L )lv^p L XP L w ) • We find 
V4>(Pl SPl) and v*(P L XP L from Eqs. (2.5) and 
(2.6), respectively. In Figs. 18(a) and (b) the solid lines 
represent v^ifiPt) and v + lgiYPi) as functions otVp L 
and p L , respectively. To compare the data with these 
predictions, we calculate the experimental values of 
i> <$//(/?£.) and v^lgiTPL) and plot them as points in 
Fig. 18. The data show the same general trend as the 
theory, but relatively few points fall on or close to the 
predicted curves. Most of the data lie well below the 
predicted values, sometimes by as much as an order of 
magnitude. We note that not all authors measure the 
maximum value of V$ directly, for example, by applying 
a small oscillating flux, but instead measure the peak-to- 
peak voltage swing and assume 7rA V7<I> 0 . This 
estimate assumes that the voltage is sinusoidal in <t>, 
which is at best only an approximation. 

We turn now to the dimensionless flux noise s $ 
5 4> (27r/ 0 /?/* 0 ) s v lv\. In the simulations, we saw 
that can be factorized as s 4> (P L Xp L ) 

~f*(PL)g*(rp L )* w ^re we defined 

s^PlSPl Wtt ) and g^(T^) S<i> (PiXP L )i 
sdPi/TPi. w)- In Figs. 19(a) and (b) we plot V/* vs 
rp L and s^igi vs /?, , respectively, together with the 
theoretical curves. In both cases the reduced noise 
power is as much as two orders of magnitude too high. 
One can explain this discrepancy only partly by the re- 
duced value of the transfer function, which enters as 

From Figs. 18 and 19 we see that the discrepancy be- 
tween theory and experiment is roughly the same for all 
values of F p { and P L . We also investigated whether 
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FIG. 18. Transfer function of dc SQUID: (a) Measured trans- 
fer function v^, normalized to the theoretical value /(/?/.), vs 
Tp L for a wide selection of SQUIDs (solid squares); solid line 
corresponds to Eq. (2.5). (b) Measured transfer function nor- 
malized to the theoretical value g{Vp L ) vs (3 L ; solid line cor- 
responds to Eq. (2.6). 
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FIG. 19. Flux noise of dc SQUID: (a) Measured flux noise 
power, normalized to the theoretical value /^( fi L ), vs Yp L for 
the same SQUIDs as in Fig. 18 (solid squares); solid line cor- 
responds to Eq. (2.8). (b) Measured flux noise power, normal- 
ized to the theoretical value g^Ypi,) vs (5 L \ solid line corre- 
sponds to Eq. (2.9). 
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FIG. 20. For a wide selection of dc SQUIDs: ratio of measured 
and calculated transfer functions V%/V lt , (solid circles) and ra- 
tio of measured and calculated flux noise powers 5^/5^ (open 
squares) as a function of (a) SQUID inductance, (b) junction 
resistance, (c) junction critical current, and (d) /<,/?. 

systematic trends occur as functions of the absolute val- 
ues of L, /?, / 0 , or / 0 /? by plotting V%/V^ (solid circles) 
and S^/Sq, (open squares) versus these parameters in 
Fig. 20. The plots clearly show that there are no system- 
atic trends throughout the ranges of parameters. How- 
ever, for some devices VyV<\> approaches unity; a simi- 
lar result has been found by Koch (1997). Generally, the 
scatter in SyS® is much greater than in V%IV&. We 
also calculated 5^ by using the measured value V% in- 



stead of using its predicted value. The scatter was re- 
duced, but no systematic trends became apparent. 

What are the possible reasons for the high values of 
white noise that are almost universally observed? One 
explanation is that some measurements may have been 
taken with improperly set bias conditions: however, this 
is an unlikely explanation for most of the data. Second, 
experience with low-7 c SQUIDs suggests that environ- 
mental noise and noise from the readout electronics are 
improbable explanations. A third possibility is that the 
SQUID inductances are significantly underestimated, 
for example, because of a higher than anticipated kinetic 
inductance. Enpuku, Tokita et al. (1995) show that ac- 
tual inductance values, 1.4 to 2 times higher than the 
estimated values, would explain much of the discrep- 
ancy: however, for some 40 pH devices, the actual value 
would have to be as much as 4 times higher, which is 
unreasonable. For example. Lee et at. (1995) estimated 
that the kinetic inductance for their devices was about 
15% of the geometric inductance. Thus this explanation 
seems somewhat unlikely. A fourth explanation (Fogli- 
etti etai, 1995) is that the junctions have a current- 
phase relation that is far from sinusoidal and that excess 
critical currents would lead one to overestimate the 
value of I^R obtained from the l-V characteristics. 
Since l 0 R enters v $ and as a normalization factor, the 
high value would lead one to overestimate v $ in the 
theory, and underestimate s#. A fifth explanation for 
the observed discrepancies between theory and experi- 
ment could be the presence of resonances. While the 
model in Sec. II ignores parasitic effects, the large di- 
electric constant of the commonly used SrTiO ? sub- 
strates results in a substantial spurious capacitance. 
Transmission-line resonances (Enpuku et al, 1996), as 
well as capacitive feedback effects (Enpuku et al, 1997), 
have been demonstrated to influence the SQUID per- 
formance significantly. These possibilities cannot be en- 
tirely ruled out since the published noise data for dc 
SQUIDs are rarely accompanied by detailed measure- 
ments of the l-V characteristics. However, the reason- 
ably good fit of a least some l-V characteristics to the 
RSJ model (for example, Gross and Chaudhari, 1992), 
the dependence of the amplitude of Shapiro steps on 
microwave power, and the reasonably good quality dif- 
fraction patterns of the critical current in a magnetic 
field suggest that they are not strong candidates. Finally, 
an effective bath temperature of roughly 2 T could ex- 
plain the results (Enpuku. 1993). A twofold increase in 
temperature would double the value of \ p L and reduce 
L th to 160 pH. Thus one would have to shift the data in 
Figs. 18(a) and 19(a) to the right by a factor of 2 to 
account for the higher noise. This higher temperature 
could arise from some nonequilibrium process in the 
junction, for example, random telegraph signals from 
flux motion at characteristic frequencies well above the 
measurement bandwidth. The resulting Lorentzian 
power spectra would be while below the hopping fre- 
quencies. To our knowledge, there is no experimental 
evidence to support this notion, but it would be worth- 
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while to extend the measurements to much higher fre- 
quencies to see whether or not the noise decreased. 

Finally, we note that, although they are significantly 
above theoretical predictions, impressive levels of noise 
have been achieved at 77 K, for example, 1.4 /x4> 0 Hz 1/2 
with L 13 pH (Kawasaki et ai, 1991) and 
2.2 /i^o Hz 1/2 with L 51 pH (Cantor et al, 1995); the 
corresponding noise energies were about 3 10 31 
JHz 1 and 2 10 31 JHz \ respectively. 

D. Flicker ) noise 

For many applications, for example biomagnetism 
(Sec. X.A) and magnetotellurics (Sec. X.D), one re- 
quires the low level of noise to extend down to frequen- 
cies of 1 Hz or lower; if that were the case, high-T^ 
SQUIDs would be adequate for most purposes. Unfor- 
tunately, low-frequency 1// noise, which is observed in 
low-T c SQUIDs but is generally not a serious issue, is a 
severe problem in high-r c SQUIDs and a great deal of 
effort has been expended in attempting to understand its 
origins and reduce its magnitude. Early high-7 f dc 
SQUIDs made from polycrystalline YBCO films (Koch 
et ai, 1989) exhibited large levels of l/f noise, which in- 
creased the noise energy at 1 Hz to above 10 26 JHz \ 
Since that time, there have been dramatic reductions in 
the level of l/f noise, and the iff corner frequency f c 
(the frequency at which the extrapolated values of the 
white noise and 1// noise intersect) has been reduced 
from -1 kHz to -1 Hz. 

Work on low-T r dc SQUIDs (Koch et ai, 1983) 
showed that there are generally two separate sources of 
l/f noise. One arises from the motion of vortices in the 
body of the SQUID: even when the SQUID is cooled in 
zero field, some fraction of the vortices formed at T c 
remain pinned at defects. The vortex hopping rate in- 
creases exponentially as the pinning energy is reduced, 
so that the microstructure of the film and the related 
pinning energies play an important role in determining 
the low-frequency noise (Ferrari et ai, 1994). As we 
have seen in Sec. Ill, the microstructural quality of films 
is particularly crucial. When the SQUID is cooled in a 
nonzero magnetic field, in general the additional vorti- 
ces so formed create high noise levels (Sec. IX. A). Un- 
fortunately, one cannot relate the magnitude of the l/f 
noise to any other measurable physical quantity, so that 
a direct noise measurement is the only means of charac- 
terizing the quality of a given film. It is important to 
note that l/f noise due to vortex motion cannot be re- 
duced by any bias reversal scheme. 

The second source of 1// noise is fluctuations in the 
critical current of the junctions which, as we saw in Sec. 
IV. C, can attain high levels. These fluctuations contrib- 
ute in two independent ways: an "in-phase" mode, in 
which the critical currents of the two junctions fluctuate 
in phase to produce a voltage across the SQUID, and an 
"out-of-phase" mode in which the two fluctuating criti- 
cal currents produce a current around the SQUID loop. 
Resistance fluctuations also contribute \lf noise. How- 
ever, at the low voltages where SQUIDs are operated 



critical-current fluctuations dominate, and we shall not 
address resistance fluctuations further. 

The first measurements of flux noise in high-T c dc 
SQUIDs made from epitaxial YBCO films and with 
well-defined grain-boundary junctions were made by 
Gross et ai (1990a, 1990b). Measuring the voltage noise 
directly with a low-7* f SQUID preamplifier, they found 
similar levels of 1// noise for both their SQUIDs and, 
after they had cut the loop, for the individual junctions. 
Furthermore, at temperatures well below T c the 1// volt- 
age noise of the SQUIDs was constant, independent of 
V<t> t providing strong evidence that in-phase critical- 
current fluctuations dominated the SQUID noise below 
1 kHz. At temperatures just below T c , however, they 
found that the l/f noise power scaled with V^, and at- 
tributed this to the rapid increase in the flux noise near 
T c observed by Ferrari et ai (1989). Subsequently, Koch 
et ai (1992) measured the l/f noise in bicrystal grain- 
boundary SQUIDs using flux modulation alone and also 
flux modulation combined with bias reversal. At 77 K, 
they found that bias reversal reduced the l/f noise 
power by up to two orders of magnitude, demonstrating 
that critical-current fluctuations dominate the l/f noise 
observed in SQUIDs with high-quality thin films, and 
that one needs to reduce both the in-phase and out-of- 
phase components. 

In practice, the reduction of l/f noise with bias rever- 
sal is optimized empirically, but nonetheless, there are 
predictions for the magnitudes of the in-phase and out- 
of-phase contributions (Koch et ai, 1983; Foglietti et ai, 
1986). The in-phase mode produces a voltage noise with 
a spectral density S v °* (dV i dl^S } J2~( V lR (i ) 2 

5/ Q /2/J, and the out-of-phase mode produces a term 
S v ** L 2 S }V\l2. Here, R d is the dynamic resistance. As 
mentioned in Sec. IV. C, one can write s } 5/ o (/)// ( 2 , 
^a 2 /f, where a is temperature independent and ap- 
proximately equal to 10 4 (R/Ct) h2 for a wide variety of 
junctions. From these results, one can derive the ap- 
proximate expressions 

^(in-phase)-*^ JR d \! V* 

-(70 M 4> ( ,Hz m )\0*a( Viit \flHz) ' /2 < 

(5.2a) 

where f \V IR (i \lhR ~~ 1, and 
S}jr( out-of-phase ) - s ] / 2 p L <l>„/2 

-(35 /x<P () Hz 1/2 ) 10^/3, (//Hz) 1/2 . 

(5.2b) 

For optimized values of high-T ( dc SQUIDs at 77 K, 
f} L 1. r 0.2, and I {) R 100/xV. we estimate a flux 
noise of about 200 (100) Hz 12 at 1 Hz for the 

in-phase (out-of-phase) contribution, substantially 
above measured levels of white noise. These estimates 
are in reasonable agreement with experimental observa- 
tions, and emphasize the need for bias reversal with any 
high-T c SQUID used for low-frequency measurements. 
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FIG. 21. 5 J? (1 Hz) and e (1 Hz) of dc SQUIDs with various 
inductances, obtained at 77 K with flux modulation and bias 
reversal. (Data are from Koelle, Miklich, Ludwig et al, 1993; 
Koelle, Miklich, Dantsker et al, 1993; Koelle, Dantsker et al, 
1993; Miklich et al, 1993; Cantor et al. 1995; Lee et al, 1995; 
Faley, Poppe, Urban et al, 1995; Fried! et al, 1992 and Grun- 
dler et al, 1995). 



We conclude this discussion with examples of 1// 
noise in dc SQUIDs cooled in nominally zero magnetic 
field. In Fig. 21 we plot 5^ /2 (l Hz) and e (1 Hz) for ten 
SQUIDs, with L between 10 and 55 pH, obtained with 
flux modulation and bias reversal. In the best devices, 
the noise energies approach 10 lu JHz 1 at 1 Hz, a per- 
formance that is very adequate provided the SQUIDs 
can be coupled to appropriate pickup loops without fur- 
ther increases in the 1// noise. However, as we discuss in 
Sec. IX. A, the level of \tf noise in SQUIDs cooled in an 
ambient magnetic field such as that of the earth can be 
much higher than in zero field unless the linewidths are 
kept suitably narrow. 

VI. dc SQUID MAGNETOMETERS 

SQUIDs are mostly used as magnetometers or gradi- 
ometers. However, although SQUIDs are exquisitely 
sensitive to magnetic flux, their small area generally 
makes them relatively insensitive to magnetic field. An 
exception is the large square-washer design used for 
both dc and rf SQUIDs, which we discuss in Sees. VI. A 
and VILA, respectively. Apart from these cases, one 
usually couples an additional superconducting structure 
to the SQUID to enhance its sensitivity to magnetic 
field; the magnetic-field noise is 5^(/) S^(f)/A eU , 
where A c{[ is the effective area of the magnetometer. 
Clearly, one endeavors to make A c[f as large as possible 
without increasing S^if) so as to produce high sensitiv- 
ity to magnetic fields. 

A. Square-washer designs 

In this SQUID configuration (Ketchen 1981; Jaycox 
and Ketchen, 1981) a square washer with outer length D 
focuses flux into a square inner hole of length d. The 
effective area is dD (Ketchen et al, 1985), and the in- 
ductance is L h \2S fj, {) d for W (D d)ll d (Jaycox 
and Ketchen, 1981). In practice, however, the incorpo- 
ration of the two Josephson junctions into the SQUID 



loop modifies these expressions for A tii and L. Five 
high-7V dc SQUIDs grown on bicrystal substrates are 
shown in Fig. 11, and differ in the placement of the junc- 
tions intersecting the SQUID loop. In type A the junc- 
tions are outside the washer, and are thus far away from 
the region of strong field compression. The slit of length 
l^W between the SQUID hole and the junctions can 
cause a significant increase in A e{( over the value dD, for 
example by a factor of 2.5 for D 250 /zm and d 

25 /im (Miklich et al, 1993). More importantly, it in- 
creases the inductance by L sh ,^(0.3 0.4///xm)pH 
(Wen, 1969). Thus, if one wishes to limit the total induc- 
tance to 40 pH, the maximum washer size is 200 ^m 
even if there is no hole (d 0) as in type A/ A. In con- 
trast, for types B or C, the inductance is approximately 
L h , independent of the washer size D. However, the 
effective area A cU is significantly less than dD for D 

d, because of the focusing of flux into the slits outside 
the SQUID loop (Miklich etal, 1993; Tanaka et al, 
1994). The latter effect is minimized in type A/C: for 
example, for D 500 /xm and L 40 pH one finds A cU 
^0.015 mm 2 , roughly a factor of two larger than for type 
B or C with the same values of D and L or for a 40-pH 
type Ai A SQUID (Ludwig, Dantsker, Koelle, Kleiner, 
Miklich. Nemeth et al, 1995). 

A general calculation of the SQUID inductance and 
effective area requires a numerical treatment, for ex- 
ample solving the London equations for the specific ge- 
ometry. Several groups have performed such calcula- 
tions (Chang, 1981; Hosoya etal, 1989; Sheen etal, 
1991; Topfer. 1991; Uhlmann and Topfer, 1992; Hilde- 
brandt and Uhlmann, 1995). More simply, one can esti- 
mate the SQUID inductance by summing the inductance 
of the hole L h the inductance of the slit L bYn which may 
be modeled as two coplanar striplines. and the induc- 
tance of the junction striplines L } L f g L }k , which 
has a geometric and kinetic term. For a homogeneous 
current distribution the kinetic term is approximately 
Lj ii 0 (\ 2 It)2ljf\\\ where \ is the London penetration 
depth, / the film thickness, w the junction width and /, 
the length of the junction striplines (Meservey and Ted- 
row. 1969). The contribution of L } should be small, typi- 
cally a few pH, if l ; !w is kept close to unity. This esti- 
mate of L should be accurate to within 10%. 

For most dc SQUIDs with these geometries, the rela- 
tively small effective area implies that S$ 2 is inadequate 
for most applications. For example, with A c{i 

0.015 mm 2 and 5^ 10/i#„/Hz 12 one finds 

1.3pT/Hz 1/2 well above the resolution of 10-100 
fT/Hz 1/2 typically required. However, larger washers 
(Koelle, Miklich. Ludwig ctai, 1993; Tanaka etal, 
1994) have achieved a magnetic-field noise of about 150 
fr/Hz 1 2 at 1 kHz and 500 H/Hz 1 ' 2 at 1 Hz with SQUID 
inductances of 40- KM) pH and washers of 5 11 mm. 
Comparable performance has been achieved with flux- 
focusing plates of similar size coupled to washer 
SQUIDs 2 2 mm 2 in size (Tanaka et al, 1994; Itozaki 
etal, 1996). The \lf noise in these devices tends to be 
high, and in some cases the motion of vortices trapped in 
the washer limits the effectiveness of bias reversal in 
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FIG. 22. Directly coupled magnetometer: (a) Photograph of 20 
pH dc SQUID connected to the pickup loop shown in (b). 
Dashed line indicates grain boundary, (c) Configuration of 
single-layer YBCO flux transformer (Koelle. Miklich, 
Dantsker et ai, 1993). 

reducing it (Koelle, Miklich, Ludwig et ai, 1993). Be- 
cause of this limited performance, various alternative 
approaches for increasing the effective area have been 
pursued. There are two broad classes. The first is based 
on multilayer designs such as the flux transformer- 
coupled SQUID (Ketchen, 1981; Jaycox and Ketchen, 
1981) (Sec. VI.C) or the fractional-turn SQUID (Zim- 
merman, 1971) (Sec. VI. D), which were successfully 
used for low-T c magnetometers. However, the need for 
lower SQUID inductances and hence smaller SQUIDs 
for operation at 77 K has made optimum coupling of 
signal into the SQUID more challenging. Furthermore, 
multilayer high-T c devices are more susceptible to ex- 
cess 1// noise and its reduction has been a major issue 
during the past years (Sec. III). As a result, single-layer 
designs have been developed which typically have less 
efficient coupling but benefit from straightforward fabri- 
cation, and lower levels of Iff noise. 



B. Directly coupled magnetometer 

The directly coupled magnetometer (Matsuda et ai, 
1991; Koelle, Miklich, Ludwig et ai, 1993) shown in Figs. 
22(a) and (b) consists of a large pickup loop of induc- 
tance L p and area A p directly connected to the SQUID 
body of inductance L L p . A magnetic field B applied 
to the pickup loop induces a screening current J 

BA p ILp, which in turn links a flux (L L } )J to the 
SQUID. Here L f is the parasitic inductance of the strip- 
lines incorporating the junctions, to which the current 
does not couple. The effective area is 

>4 cff (L L j )A p iL p A s , (6.1) 

where A s A e[i is the effective area of the bare SQUID. 
The sign of A s depends on the relative senses of the 
SQUID and the pickup loop. Koelle, Miklich. Ludwig 
et ai (1993) investigated devices grown on STO bicrys- 
tals. In their best device, a 20 pH SQUID with I () 
45 (jlA and R 3.4 O coupled to a 47 mm" pickup loop, 



they achieved a flux noise of 93 fTHz - at frequencies 
down to 1 Hz using bias reversal. 

Subsequently, improvements in performance were 
achieved by reducing the large mismatch between L p 
and L (Cantor et ai, 1995; Lee et ai, 1995). One can 
increase the ratio A p lL p by using a pickup loop with a 
large linewidth, (d x d 2 )!2, where d x and d 2 are the 
outer and inner dimensions. In the limit (d x d 2 ) 2d 2 
in which A p d x d 2 and L p \25fx 0 d 2 , from Eq. (6.1) 
we find A t{[ 4d x (L L } )/5 we have neglected A s . 
Given the dependence of S^{f ) on L, / 0 , and R dis- 
cussed in Sec. II. C, one can then optimize S B (f). 

Using Eq. (6.1) for y4 cff , together with Eqs. (2.8) and 
(2.9) over the ranges 0.01 Vf3 L 1 and 0.4 /3 L 5.6, 
one finds 



262 pH 



1 



(fT Hz 



1777 



f 1 



(d x /mm)( L 



I 0 R/mV 



80Z. 



L,)IL, 
4L\ 4 -' 



(6.2) 

Clearly, S B 12 scales with \ld x . For a given value of L } 
one can find a minimum in S B 2 as a function of L/L lh , 
which depends on I^R and f3 L . As mentioned in Sec. 
II. C, the noise can be optimized in different ways: one 
way is to keep I 0 R constant and to vary I [} by changing 
the junction area A } . However, this is difficult to 
achieve for practical reasons, since large I {) R products 
are associated with high critical-current densities and 
hence the smallest values of / 0 are determined by the 
smallest linewidth that can be patterned. Alternatively, 
according to the scaling relation I^R^j] 11 found for 
many high-7 c junctions, one may keep I {) R 2 constant 
with fixed Aj and vary / 0 , for example, by changing the 
oxygen content in grain-boundary junctions. In this case 
(1 f3 L )/(I 0 R)*(\ /S, )//?) 72 , which has a minimum at 
fi L 1. The result of this optimization procedure is 
shown in Fig. 23 where we plot S l B L vs LIL th for the 
stated values of I 0 R, L lh , L )t d x , and A } and for six 
values of /3 L ranging from 0.4 to 5,0. There is a shallow 
minimum at L/L th M).3, corresponding to L^lOOpH at 
77 K. The dependence on p L is weak, although p L 1 is 
optimum: the minimum magnetic-field noise varies from 
11 to 13 fTHz 1/2 over the range of /3 L plotted. Notice 
that the optimum value of L/L til , about 0.3, is rather 
higher than that for the lowest noise energy found in 
Sec. II. C. The reason is that the coupling efficiency be- 
tween L p and I. increases more rapidly in this range 
than V\t> decreases. In an earlier analysis based on the 
work of Enpuku, Tokita et ai (1995), Cantor (1996) 
found a shallow minimum in S l R ~ vs /. corresponding to 
^ /2 ~32fTHz 1/2 for 0, 1. ^ 9.3 mm, i {) R 100>V, 
and L } 8.4 pH; S l B 2 remained below 40 fTHz 1/2 for 
30 pH L Lj 170 pH. This result differs somewhat 
from the prediction of Eq. (6.2) because Enpuku et ai 
find a faster reduction in V< v for L/L {h 0.4 (Fig. 2). 

The performance of directly coupled magnetometers 
with near optimum parameters can be appreciably bet- 
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FIG. 23. Calculated rms magnetic-field resolution 5g 2 at 77 K 
vs normalized SQUID inductance L/L th for directly coupled 
magnetometer in which the pick-up loop has an outer dimen- 
sion d x 10 mm. The curves were calculated for six values of 
P L and fixed junction cross-section A } 0.2 yum 2 by varying j c 
and hence (I n R) 2 . 



ter than that of the earlier devices. For d l 9.3 mm, d 2 
3 mm, and L 50 pH, Lee et al. (1995) and Cantor 
(1996) achieved best results of about 40 fTHz 1/2 at 1 
kHz and 60 fT Hz 1/2 at 1 Hz (with bias reversal). Using 
a 19 19 mm 2 pickup loop on a 20 20 mm 2 bicrystal, 
the same group achieved 14 fTHz 1/2 at 1 kHz and 26 
fTHz 1/2 at 1 Hz (Fig. 24) (Cantor et al, 1995). In simi- 
lar work, Glyantsev et al (1996) reported a noise level 
as low as 20* fTHz 1/2 at 1 kHz for a 150 pH SQUID 
coupled to a pickup loop with an outer diameter of 8 
mm. However, they did not use bias reversal, and the 
noise was well above 100 fTHz 12 at 1 Hz. Recently, 
using an STO bicrystal with a 30° misorientation angle 
and a pickup loop with d x 9 mm and d 2 3 mm, Beyer 
etal (1998) obtained 23 fTHz 1/2 at 'l kHz and *67 
fTHz m at 1 Hz. These values were achieved with bias 
reversal in the PTB magnetically shielded room; the 




9 mm 



FIG. 25. Schematic layout of multilayer flux transformer (not 
to scale). Multiturn input coil (only two turns are shown) is 
either coupled to the SQUID in a flip-chip arrangement or 
deposited directly on top of it. 

noise at low frequencies was dominated by environmen- 
tal noise. 

To complete this section, we note that the effective 
area of the directly coupled magnetometer can be fur- 
ther increased by coupling it in a flip-chip arrangement 
to a single-layer flux transformer [Fig. 22(c)] on a sepa- 
rate substrate (Koelle, Miklich, Dantsker etal, 1993). 
The small loop of the transformer (which is inductively 
coupled to the magnetometer pickup loop) has induc- 
tance L u and area A u and is in series with the large loop 
of inductance L tp and area /l, p . The effective area is 

where a, is the coupling coefficient between L u and L p . 
For the devices shown in Fig 22, the transformer yielded 
a gain of 3.4 and the magnetic field noise improved to 31 
fTHz 1/2 at 1 kHz and 39 fTHz 12 at 1 Hz. 
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FIG. 24. Magnetic-field noise in a directly coupled magneto- 
meter with bicrystal junctions and a 19 19mm : pickup loop. 
The estimated inductance is 51 pH (Cantor et ai, 1995). 



C. Flux transformer with multiturn input coil 

The effective area of a SQUID may be efficiently en- 
hanced by coupling it to a superconducting flux trans- 
former with a multiturn input coil (Fig. 25). The trans- 
former is a closed superconducting circuit consisting of a 
large-area pickup loop and a much smaller, multiturn 
input coil to couple flux into the SQUID. A magnetic 
field applied to the pickup loop induces a supercurrent 
that conserves the total magnetic flux and induces flux 
into the SQUID. The total clteciive area of the magne- 
tometer is given by 

A ci{ A p M J{L l L p ) A s . (6.4) 

where A s is the effective area of the bare SQUID (in- 
cluding flux focusing, see Sec. VI. A), A p and L p are the 
area and inductance of the pickup loop, M , a(LL,) U2 
is the mutual inductance between the SQUID induc- 
tance L and the input-coil inductance L { , and a is the 
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coupling coefficient. The sign of A s depends on the 
sense of the winding of the coil relative to the pickup 
loop. Assuming that a does not depend on L, and L and 
making certain approximations (Martinis and Clarke. 
1985), one finds the effective area is maximum when 
L t L p : 

A efS aA p (L/L p ) ll2 /2; (6.5) 

we have neglected A s . In contrast to the directly 
coupled magnetometer (Sec. VLB), the flux transfer into 
the SQUID can be optimized for a given value of L p by 
varying the number of turns n on the input coil until 
L, L p . For low-r c SQUIDs integrated with multiturn 
input coils, the relations between M t , L t , L, and n 
(Ketchen, 1981) for the tightly coupled limit are usually 
in good agreement with experimental data (Jaycox and 
Ketchen, 1981). For high-7\ magnetometers on the 
other hand, there are only a few experimental studies on 
the coupling between the input coil and the SQUID 
(David et al 1995; Ludwig, Dantsker, Koelle, Kleiner, 
Miklich, Nemeth et al., 1995; Kugai et al, 1996), and the 
situation is less well understood. Ludwig, Dantsker. 
Koelle, Kleiner, Miklich, Nemeth etal (1995) found 
that although a depends strongly on the SQUID design, 
being higher for type A/ A and AlC than for type B and 
C devices (Fig. 11), it can be greater than 0.5 even for 
flip-chip magnetometers. Coupling the same transformer 
to different SQUID types, these authors showed that 
A c{{ is proportional to A s , that is, the magnetic-field 
gain is constant. According to Eq. (6.5), A ti{ increases 
with increasing SQUID inductance L, but larger values 
of L do not necessarily produce lower magnetic-field 
noise. Using Eq. (6.5) one finds S B 

S(S <s> /2L)L p /a 2 A 2 p , so that minimizing S B with re- 
spect to L is equivalent to minimizing the noise energy 
e S&I2L. From Fig. 5 we know that for 77 K and (3 L 

1, the (effective) SQUID inductance should not ex- 
ceed 40-50 pH, although one should bear in mind that 
Eq. (6.5) is valid only so long as a is independent of L 
and L,. We note also that the flux transformer reduces 
the effective SQUID inductance to L[l a 2 L,/(L, 

L p )] (Zimmerman, 1971). However, this correction is 
small for L t L p and a 0.5. 

1. Flip-chip magnetometers 

The advantage of the flip-chip configuration over the 
integrated magnetometer is that problems related to the 
junction process can be separated from those related to 
the interconnect technology. One forms a flip-chip mag- 
netometer by clamping the SQUID and the flux trans- 
former chips together with either photoresist or a thin 
mylar sheet between them. The input coil and pickup 
loop of the transformer are usually patterned in one 
YBCO layer, and the crossover between the innermost 
turn of the coil and the pickup loop in the other. The 
first YBCO flux transformer with a multiturn input coil 
operating at 77 K was made by Wellstood et ai (1990) 
using shadow masks. The first multilayer flip-chip 
magnetometers were reported almost simultaneously by 
groups at Berkeley (Miklich et al, 1991; Wellstood et al. 
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FIG. 26. Magnetic-field noise of (a) flip-chip magnetometer 
with a 9 9 mm 2 pickup loop and 16-tum input coil (Dantsker 
et al, 1995), (b) the i^-turn, 7-mm-diameter SQUID shown in 
Fig. 28 (Ludwig, Dantsker, Kleiner et al. 1995). 

1992) and IBM (Oh et al, 1991). Since this early work, 
many groups have described the fabrication of multiturn 
flux transformers (Freltoft et al, 1993; Hilgenkamp 
et al, 1993) and the operation of flip-chip magnetome- 
ters at 77 K (Grundler, David et al, 1993; Miklich et al, 
1993; Roas et al, 1993; Keene, Goodyear et al, 1994, 
Keene et al, 1995; Dantsker et al, 1995; Fife et al, 1995; 
Ludwig, Koelle et al, 1995; Scharnweber et al, 1995; 
Schilling et al, 1995; Kugai et al, 1996). 

The lowest magnetic -field noise was achieved by 
Dantsker et al (1995), who used an 81 mm 2 pickup loop 
and a 16-turn input coil coupled to a 500 /xm washer 
SQUID (type At A in Fig. 11) with bicrystal junctions: 
8.5 fTHz h ~ at 1 kHz and 27 fTHz V2 at'l Hz (Fig. 26). 
This performance depended critically on both the tech- 
nology for fabricating multilayer structures with low lev- 
els of low-frequency flux noise and the use of a SQUID 
with a low flux noise. The uncoupled SQUID had a 
peak-to-peak modulation voltage V pp 55 /iV and a 
white flux noise of 7.3 /i<t> () Hz 1 12 . The flux transformer 
was aligned so that the crossover covered about 90% of 
the length of the SQUID slit, reducing the SQUID in- 
ductance from 70 to about 30 pH, close to the optimum. 
As a result, V pp increased to 108 //V, and the flux noise 
decreased to 4.9/x<t> 0 Hz 

During the progressive reduction in 1// magnetic-field 
noise from that in the first flip-chip magnetometer 
(Miklich etal, 1991), 1.7 pTHz {a at 1 Hz, to that re- 
ported by Dantsker et al (1995), it was important to un- 
derstand the sources of excess flux noise in these 
multilayer structures. According to the model of Ferrari 
etal (1991) and Wellstood etal. (1991), there are two 
distinct mechanisms by which this noise is coupled into 
the SQUID. First, the SQUID senses directly the mag- 
netic flux produced by a vortex moving in the YBCO 
films of the flux transformer ("direct noise"). Second, a 
vortex moving perpendicularly to a YBCO line induces 
a screening current in the transformer to conserve the 
total magnetic flux, coupling flux into the SQUID ("in- 
direct noise 1 '). Together with flux-noise measurements 
on various components of transformers, the model has 
been used to analyze sources of excess flux noise (Lud- 
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FIG. 27. Photograph of 12-turn input coil and SQUID of an 
integrated magnetometer with 500-/im SQUID washer located 
in lower YBCO layer. Bicrystal junctions are outside the 
washer. 

wig, Koelle et ai, 1995; Ludwig, Dantsker, Koelle, 
Kleiner, Miklich, and Clarke, 1995), but it does not ac- 
count for the degraded quality of YBCO films at the 
edges of crossovers and vias. To study the spatial distri- 
bution of critical-current densities and thus locate poten- 
tial noise sources, several groups have successfully used 
such techniques as low-temperature scanning electron 
microscopy (Husemann et a/., 1993; Hollin et ai, 1994; 
Gerber et ai, 1996), low-temperature laser scanning mi- 
croscopy (Sivakov et ai, 1994), magneto-optical imaging 
(Govorkov et ah, 1997) and scanning micro-Raman 
spectroscopy (Dieckmann et ai, 1996). 

2. Integrated magnetometers 

In an attempt to improve the inductive coupling be- 
tween the SQUID and the input coil, several groups 
have integrated them on the same chip, thus reducing 
the spacing to the thickness of the insulating layer. Early 
monolithic SQUID magnetometers involving three 
YBCO layers and operating at 77 K (Lee et at.. 1991; 
Dilorio, Yoshizumi, Yang, Maung, and Power. 1993) ex- 
hibited large levels of low-frequency fiux noise. As a 
result, attention turned to a simplified design requiring 
only two superconducting layers (Kromann et ai, 1993; 
Hilgenkamp et ai, 1994; David et ai, 1995; Dilorio et ai, 
1995; Ludwig, Dantsker, Koelle, Kleiner, Miklich, Nem- 
eth et ai, 1995; Shen et ai, 1995). In all cases, the insu- 
lator was SrTiOv The SQUID washer is used as either a 
crossunder or crossover for the flux transformer, obviat- 
ing the need for an extra superconducting layer. The 
input coil and SQUID of such a magnetometer are 



shown in Fig. 27. The lowest magnetic-field noise was 
reported by Drung, Ludwig et ai (1996) using a magne- 
tometer with 36° SrTi0 3 bicrystal junctions fabricated at 
NKT (Shen et al, 1995), namely 9.7 fTHz 1/2 at 1 kHz 
and 53 fTHz 1/2 at 1 Hz. Whereas the effective area 
A c{{ 1.72 mm 2 for the 8.3 8.6 mm 2 pickup loop is com- 
parable to that measured by others for their integrated 
devices, the SQUID parameters R 9 fl and / 0 
5.7 /xA for an inductance of about 130 pH are close to 
optimum. 

Despite this impressive performance, integrated mag- 
netometers do have some disadvantages. One problem, 
reported by several groups, is that the V-<t> curves are 
often distorted by microwave resonances (Hilgenkamp 
et ai, 1994; Ludwig, Dantsker, Koelle, Kleiner, Miklich, 
Nemeth et ai, 1995; Drung, Ludwig etai, 1996). Such 
resonances have not been reported for flip-chip magne- 
tometers. These resonances in the input-coil-washer 
structure are well known from low-7 £ devices to de- 
grade the SQUID performance (Ryhanen et ai, 1989). 
Enpuku et ai (1997) and Minotani, Enpuku et ai (1997) 
recently reported the calculation of distorted V~<P char- 
acteristics in good agreement with the data measured on 
high-7V devices under the assumption that there is a 
parasitic capacitance between the input coil and the 
SQUID washer. Hilgenkamp et ai (1995) eliminated the 
resonances by means of a resistor between the SQUID 
and the input coil that shunted this parasitic capacitance. 
Another drawback is that the yield of high-performance 
integrated devices is well below that of flip-chip, 
multilayer devices. Finally, there is no compelling evi- 
dence that the coupling coefficient of integrated magne- 
tometers is significantly higher than that for flip-chip de- 
vices (Ludwig, Dantsker, Koelle, Kleiner, Miklich, 
Nemeth et ai, 1995). 

D. Multiloop magnetometer 

An alternative multilayer approach to achieving large 
effective areas is the multiloop magnetometer or 
fractional-turn SQUID, originally proposed and demon- 
strated by Zimmerman (1971) with a machined niobium 
device. The essential idea is to connect N loops in par- 
allel, thus reducing the total inductance to a level ac- 
ceptable for a SQUID, while keeping the effective area 
large. Drung et ai (1990, 1991) developed sensitive mul- 
tiloop SQUID magnetometers, based on their niobium 
thin-film technology; with eight parallel loops and a di- 
ameter of 7.2 mm these devices have a typical noise of 
1.5 fTHz 1/2 down to a few Hz at 4.2 K. These devices 
have been used successfully for multichannel biomag- 
netic studies (Koch, Cantor et ai, 1991; Drung and 
Koch, 1993). 

In the thin-film multiloop magnetometer, shown sche- 
matically in Fig. 28(a), N loops (for clarity, only four are 
drawn) are connected in parallel with the connection 
made at the center via coplanar lines. The two junctions 
connect the upper and lower superconducting films of 
the central trilayer. Compared with a fiux-transformer- 
coupled magnetometer, the multiloop magnetometer 
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(a) (b) 

FIG. 28. Multiloop magnetometer: (a) Schematic layout of \- 
turn SQUID magnetometer. Cross-shaded regions indicate 
vias between upper and lower superconducting films, (b) Pho- 
tograph of ^-turn YBCO SQUID with outer diameter of 7 
mm. Junctions are located close to the center (Ludwig, 
Dantsker, Kleiner et ai, 1995). 

has the advantage that the current induced in each of 
the N loops when it is rotated in the earth's magnetic 
field is much smaller than that induced in a single loop 
of the same area. Furthermore, the device contains no 
closed superconducting loops, so that the maximum in- 
duced supercurrent is limited to the critical current of 
the junctions. 

A comprehensive theory for thin-film multiloop 
SQUIDs and their performance at 77 K has been given 
by Drung et ai (1995). The effective area A eU and induc- 
tance L eff are given by 

A efl A p IN A s (6.6) 

and 

L eff L p /N 2 LJN L r (6.7) 

Here. A p and L p are the area and inductance of the 
large, outer loop, A s and L s are the average area and 
inductance of one spoke of the cartwheel, and L } is the 
parasitic inductance of the connections from the pickup 
loops to the junctions. Calculation of the magnetic-field 
noise and transfer function as a function of N, based on 
the simulations of Enpuku et ai (1993) for V&(L) and 
5^ , shows that the optimum value of N for a minimum 
magnetic-field noise increases strongly with the overall 
size. For a diameter of 7 mm, the optimum number of 
loops is 15 to 20, considerably more than typically used 
in the \ov/-T c case. Using these calculations, Drung et ai 
(1995) designed a high-T c multiloop SQUID with 16 
parallel loops and an outer diameter of 7 mm. They es- 
timated L cff 145 pH, which is at the upper limit of ac- 
ceptability for 77 K operation (Sec. II. C), and /t cff 
1.77 mm 2 . 

In the first practical realization of this magnetometer, 
Ludwig, Dantsker, Kleiner et ai (1995) used their 
YBCO-SrTiO r YBCO multilayer technology and bicrys- 
tal junctions to make the magnetometer shown in Fig. 
28(b). Most of the area of the pickup loops is patterned 
in the upper YBCO film, and each loop makes contact 
to the lower YBCO layer in the center (cross-shaded 
region). The two 24° bicrystal junctions are located in 
the lower YBCO film and also make contact to the up- 



per and lower YBCO films in the central trilayer region. 
A voltage modulation as high as 20 /xV was observed 
despite the relatively high inductance, and resulted from 
the nearly ideal junction parameters, / 0 13 /i A and R 
10f). The effective area of 1.89 mm 2 was close to the 
predicted value. Using a flux-locked loop with 100 kHz 
flux modulation and bias reversal, the authors measured 
a magnetic-field noise of 18 fTHz 12 at 1 kHz and 37 
fTHz 1/2 at 1 Hz (Fig. 26). Similar multiloop magneto- 
meters based on the same design were subsequently 
made, using step-edge junctions (David et ai, 1996; 
Drung, Dantsker et ai, 1996) or PBCO ramp junctions 
(Reimer, Schilling et ai, 1995; Reimer, Ludwig et ai, 
1995). 

Two other high- 7^ magnetometers involving multi- 
loops differ from the design discussed above. Fife et al. 
(1995) coupled eight multiloop pickup coils with an 
outer diameter of 8.5 mm directly to a low-inductance 
washer SQUID with bicrystal junctions. The noise at 60 
K with bias reversal was 100 fTHz 12 above 3 Hz. 
Scharnweber and Schilling (1996, 1997) recently re- 
ported an integrated magnetometer in which a flux 
transformer with a multiturn input coil and a multiloop 
pickup coil is inductively coupled to a low-inductance 
washer SQUID. For their best magnetometer, with four 
parallel loops 8.5 mm in diameter, at 77 K they mea- 
sured a magnetic field noise of 44 fTHz 1,7 at 1 kHz 
with a static bias current and 100 fTHz 1/2 at 1 Hz with 
bias reversal. 

E. Comparison of magnetometers 

Given the plethora of magnetometer designs, which 
should one choose for a particular application? Of 
course, integrated, multilayer magnetometers — the mul- 
titurn flux transformer grown on a square washer 
SQUID or the fractional-turn SQUID — are very appeal- 
ing and offer the highest sensitivity for a given area, at 
least in the white noise. Unfortunately, the currently low 
yield of junctions with acceptable values of / 0 and R 
means that the yield of integrated magnetometers with 
high performance is correspondingly low. Consequently, 
on a commercial basis their price is correspondingly 
high, probably too high for most real-world applications. 
Thus one should examine the alternatives, namely 
single-layer and flip-chip, multilayer magnetometers. 

The directly coupled magnetometer is appealing in its 
simplicity, requiring only a single layer in a bicrystal or 
step-edge junction technology. Noise levels below 30 
fTHz 1/2 have been achieved on 10 10mm 2 bicrystals 
and below 20 frHz 1/2 on 20 20 mm 2 bicrystals; how- 
ever, the larger bicrystals are currently very expensive. 
Fortunately, provided one can avoid an increase in the 
low-frequency noise in the presence of the earth's mag- 
netic field (Sec. IX), the performance of the magneto- 
meters on the smaller chip is adequate for geophysics, 
and probably also for magnetocardiology. Nonetheless, 
despite the simplicity of fabricating these single-layer 
devices, one has to accept the fact that the chip-to-chip 
variability in the junction parameters currently ensures 
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that the yield of high-performance magnetometers is less 
than 100%. Even though substrates can be repolished 
and reused two or three times, the cost of manufacturing 
a single magnetometer with low noise is likely to remain 
higher than desirable. 

An alternative philosophy is to fabricate (say) ten 
square-washer SQUIDs on a 10 10 mm 2 chip, select the 
best and dice the chip accordingly. Experience suggests 
that one should obtain several SQUIDs with low noise 
with this procedure. One then couples each of these se- 
lected devices to a multiturn flux transformer in a flip- 
chip arrangement. Thus one separates the fabrication of 
the single-layer SQUIDs from the multilayer process for 
the flux transformer. As a further step towards lowering 
the cost of flux transformers dramatically, one should 
develop processes for depositing them in quantity on 
two-inch or preferably four-inch wafers using coevapo- 
ration (Berberich et al, 1994; Matijasevic et ai, 1997). If 
one could develop such large-scale processing for flux 
transformers, for the currently available junction tech- 
nologies this approach would appear to be the most eco- 
nomical, and could be used for all applications. 

VII. rf SQUIDs 

Although there has been substantially more effort to 
develop high-T, dc SQUIDs, progress with rf SQUIDs 
has been excellent. Several groups have investigated rf 
SQUIDs (for example, Zani et ai. 1991; Tinchev and 
Hinken, 1992; Tinchev, 1997) but since the most concen- 
trated effort has been made at FZ, Jiilich, we shall 
largely focus on their work. We note that the main body 
of this work preceded the theory of Chesca (1998), and 
that a great deal of progress was made on largely em- 
pirical grounds. Furthermore, it is difficult to measure 
the critical current of the junction precisely without 
opening the loop, so that in at least some of the devices 
reported it is not clear whether p L was greater or less 
than unity. It is possible that some of them were oper- 
ated in a "mixed mode'' in which the signal was pro- 
duced by variations in both inductance and dissipation. 
For these reasons, it is often impracticable to compare 
the experimental results with theoretical predictions. 

A. rf SQUIDs with lumped resonant circuits 

The first rf SQUID magnetometers with high sensitiv- 
ity (Zhang, Muck, Herrmann et ai, 1992; Zhang, Muck 
et ai, 1993) consisted of large YBCO square washers 
with step-edge, grain-boundary junctions [Fig. 29(a)], 
grown on 10 10 mm 2 SrTiO^ substrates. The junctions 
were generally formed along the inner edge of the 
square washer to avoid the large parasitic inductance of 
the long slit. The SQUID was inductively coupled to the 
inductor of an LC tank circuit, which was resonant at 20 
MHz in the early experiments. Subsequently, these au- 
thors increased the resonance frequency to about 150 
MHz to increase the flux-to-voltage transfer coefficient 
and to reduce the level of white noise (see Sec. II). In 
addition to the rf excitation, the SQUID was flux modu- 



lated in the usual way and operated in a flux-locked 
loop. The SQUIDs could be operated in both the hys- 
teretic and nonhysteretic modes. For example, Zhang, 
Muck, Herrmann et ai (1992) reported a transfer func- 
tion greater than 40/aV/O 0 for SQUIDs in either mode, 
operated at 150 MHz. 

Zhang, Muck et ai (1993) varied both the outer and 
inner dimensions (d x and d 2 ) of the square washer to 
find the optimum magnetic-field sensitivity. The effec- 
tive area d x d 2 increases with both d\ and d 2 , while the 
inductance L scales with d 2 . Since S^ 2 increases with L 
for both hysteretic and nonhysteretic modes, although 
with a different functional dependence, one expects to 
find a minimum. The optimum value, 170 fTHz 1/2 , oc- 
curred for d 2 ^ 150 ^m, and corresponded to a flux noise 
of 7 10 5 3> 0 Hz 1/2 ; the noise was white at frequencies 
down to 1 Hz. For larger inner dimensions the flux noise 
increased more rapidly than the effective area. At the 
time, this performance was the best obtained for a high- 
TV magnetometer at 77 K. 

There are several points to note about this result. 
First, the estimated inductance of this rf SQUID, about 
240 pH, is larger than that of any useful dc SQUID. As 
a result, the effective area is substantially higher than for 
dc SQUIDs. In fact, the flux noise and noise energy of 
this rf SQUID are unremarkable by the standards of dc 
SQUIDs: it is the large effective area that produces the 
relatively low magnetic-field noise. The lack of Iff noise 
is notable, and occurs for two reasons. In the first in- 
stance, as will be discussed in Sec. VII. C, the combina- 
tion of rf and low-frequency flux modulation eliminates 
1// noise due to fluctuations in critical current. Of 
course, this scheme cannot reduce flux noise due to the 
motion of vortices in the square washer. Second, the 
relatively high level of white flux noise is now a virtue in 
that the 1// knee is moved to a correspondingly low fre- 
quency. 

Zhang, Muck et ai (1993) improved the performance 
of this device by coupling it to a flux concentrator, made 
of bulk YBCO, 43 mm in diameter. This magnetometer 
exhibited a white noise of 60 fTHz 1/2 at frequencies 
down to about 5 Hz; the additional 1// noise was due to 
flux noise in the concentrator. Subsequently, Zhang 
et ai (1994) fabricated single-layer rf SQUIDs with sev- 
eral directly coupled pickup loops, improving the noise 
to 120 fTHz 1/2 . They also fabricated a device in which 
the SQUID, in the form of a slit, was coupled to a 9 

9 mm 2 pickup loop, and achieved 90 fT Hz 1/2 down to 
about 4 Hz. They achieved their best performance, how- 
ever, by coupling a S S mm 2 square washer SQUID 
with a 200 200 /xm hole to a single-layer flux trans- 
former [inset. Fig. 30(a)] in a flip-chip arrangement. 
With a pickup loop of 40 40 mm 2 they achieved a 
magnetic-field noise of 24 fT Hz 12 at frequencies down 
to 0.5 Hz [Fig. 30(a)]. 

More recently. OckenfuB et ai (1997) made a system- 
atic study of thm-film. single-layer flu\ transformers. 
The flux transformers were deposited on either 1 or 2 
diameter substrates. Each transformer in turn was 
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FIG. 29. Selection of rf SQUIDs from FZ, Jiilich: (a) 6 6 mm 2 square-washer SQUID (Zhang. Muck. Hermann, et al, 1993), (b) 
S-shaped microstnp SQUID (Zhang, Muck, Bode et al. 1992). (c) coplanar microwave resonators (Zhang, Wolters et al, 1997). 



coupled in a flip-chip arrangement to an rf SQUID with 
a 200 200 fj.m 2 hole in an 8 8 mm 2 washer, operated at 
200 MHz. The authors systematically reduced the width 
w p of the pickup loop and measured the effective area 
and gain of the magnetometer. The maximum effective 
areas of 2.93 mm 2 and 4.94 mm 2 for the 1 and 2 trans- 
formers, respectively, were achieved for the maximum 
values of w p , 8.2 and 19.0 mm; the corresponding mag- 
netic field gains were 2.71 and 4.57. The magnetic-field 
noise above 10 Hz for these two cases was 52 fTHz 1,2 
and 30 fTHz u \ 

As a final remark, we note that all of the rf SQUIDs 
described above were at least somewhat undercoupled, 
that is, k 2 Q 1. so that the performance was less than 
optimum. Very recently, He et al. (1998) used a scheme 
in which they inductively coupled the lumped LC- 
resonant circuit to a coil that is connected to the 50 O 
transmission line supplying the rf signal. This approach, 
which was demonstrated at frequencies from 221 to 950 
MHz, increases k 2 Q and reduces the flux noise com- 
pared with that obtained with conventional tank circuits. 



B. rf SQUIDs with distributed element resonators 

The devices described above involve lumped tank cir- 
cuits consisting of a wire-wound coil and a capacitor. 
The flux noise achieved represents the limit of what can 
be achieved at 150-200 MHz As is evident from Eq. 
(2.15), further reductions in noise require high- 
frequency operation, but it then becomes difficult to 
achieve the required high values of Q with lumped cir- 
cuits. As a result, devices operating at higher frequen- 
cies have involved various kinds of microwave resona- 
tors (Daly etui. 1991; Zhang. Muck, Bode et al, 1992, 
Zhang etal. 1995, Zhang. Soltner, Wolters etal, 1997, 
Zhang, Zander etal.. 1997, Zhang, Wolters etal., 1997; 
Hein etal, 1995). Zhang, Muck. Bode et al (1992) de- 
scribed an S-shaped microstnp resonator with the 100 

100 fxm 2 SQUID loop in its central region [Fig. 29(b)]; 
subsequently, the loop was reduced to 100 100 ^m 2 
(Muck, 1993), with the longer side parallel to the edge of 
the resonator. The microstrip was formed by placing the 
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FIG. 30. Noise of rf SQUID magnetometers: (a) Magnetic flux 
and magnetic-field noise of 150-MHz SQUID with single-layer 
flux transformer with the configuration shown in the inset 
(Zhang et at, 1994). (b) Magnetic-field noise of microwave 
resonator SQUID with 13-mm flux concentrator shown in Fig. 
29(c) (Zhang, Wolters et aL 1997). 

0.5-mm-thick LaA10 3 substrate on a copper ground- 
plane, and coupled to the room-temperature electronics 
via a 50 O coaxial cable. At 3 GHz, the best of these 
devices yielded a flux noise of 1.6 10 5 <t> Q Hz 1/2 , cor- 
responding to a noise energy of about 6 10 3u JHz l . 
However, the small effective area of the SQUID re- 
sulted in a relatively high magnetic-field noise, about 1 
pTHz m . 

Subsequently, Zhang and coworkers improved the 
magnetic -field sensitivity of microwave SQUIDs operat- 
ing at about 1 GHz. In their first design, Zhang et al. 
(1995) used a stack of 10 10 1 mm 3 SrTiO.-, substrates, 
stacked face-to-face, as a dielectric resonator. The stack 
was placed above a 4 4 mm 2 washer SQUID with a 
60 60/iirr inner hole. The stack was driven at reso- 
nance via a capacitively coupled line and the output 
voltage was also coupled out capacitively via a second 
line. With a frequency of 0.911 GHz and under optimum 
conditions, the flux noise was 10 5 <J> 0 Hz 1/2 and the 
magnetic-field noise was 105 fT Hz 1/2 ; the latter noise 
was improved to 30 fT Hz 12 by means of a single-layer 
flux transformer with a 22 mm pickup loop. 

In a later design. Zhang, Soltner, Wolters et al (1997) 
used an integrated resonator in which the circular rf 
SQUID was surrounded by a line, patterned in the same 
YBCO film, containing a gap that provided the capaci- 
tance necessary for the resonant circuit. The signal from 
the resonator was coupled out either capacitively or in- 
ductively; inductive coupling has the advantage that the 



coil can also be used for both flux modulation and flux 
feedback. At frequencies from 0.511 to 1.1 GHz typical 
values of Q were around 50()0, so that the requirement 
k 2 Q 1 was readily achievable. In the latest version of 
this device, Zhang, Zander et al (1997) and Zang, 
Wolters et al (1997) used the coplanar resonator designs 
shown in Fig. 29(c). Two coplanar lines surround the 
flux concentrator, which is coupled to the rf SQUID 
washer (2.5 or 3.5 mm in diameter) in a flip-chip con- 
figuration. The relative position of the gaps in the copla- 
nar lines and the location of a short between them al- 
lows one to adjust the resonance frequency. For a 
SQUID with a 10 500 fim 2 inner hole (L«=260pH) 
coupled to a resonator with a 13-mm-diameter flux con- 
centrator, Zhang, Wolters et al (1997) obtained a white 
flux noise of 8.5 10 6 $ 0 Hz 1/2 , corresponding to a 
noise energy of 6 10 31 JHz 1 and a magnetic-field 
noise of 16 fTHz 1/2 [Fig. 30(b)] The noise at 1 Hz, 
however, was substantially higher, about 100 fTHz 1/2 , 
and most likely arose from the motion of vortices in the 
resonator. This configuration is particularly appealing in 
its simplicity, enabling one to design the device with ap- 
propriate parameters very straightforwardly and offer- 
ing simple fabrication with a minimum of additional 
cryogenic components. 

In a further step towards higher sensitivity, very re- 
cently Zhang et al (1998) described a new design in 
which a multiturn flux transformer is integrated with the 
coplanar resonator. The pickup loop is connected to two 
coils, a multiturn coil to couple in low-frequency signals 
and a single-turn coil to couple in rf currents. A two- 
hole SQUID is coupled to these coils in a flip-chip con- 
figuration to form a magnetometer. The separation of rf 
and low-frequency currents is a key factor that enables 
the authors to achieve a high quality factor. 



C. Ml noise 

In the rf SQUIDs described above the onset of llf 
noise generally occurs at a relatively low frequency — 1 
Hz or less — provided one uses a flux-locked loop. This 
low 1// knee frequency is due in part to the fact that the 
white flux noise is generally higher than for dc SQUIDs, 
but the major reason is the action of the readout scheme 
in eliminating llf noise arising from critical-current fluc- 
tuations (Giffard, 1980; Muck, Heiden, and Clarke 
1994). We first describe this effect for hysteretic 
SQUIDs. 

We first consider the effect on V'^ [Eq. (2.11)] of a 
fluctuation SI U in / 0 at a frequency much less than 
w i( I2tt. The value of 4> £ is increased to L{h) so 
that the transitions from the k 0 state to the 1 and 
1 states occur at the flux values L{I U Sl 0 ) and 
L(/ 0 SI U ), respectively. As a result, Vj V) is increased 

to 



uj r ^ r (<i\ LSI U )/M. 



(7.1) 



We see that llf noise in the critical current results in a 
\lf noise component in the demodulated rf voltage. 
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However, when the SQUID is flux modulated and op- 
erated in a flux-locked loop, the effect of critical-current 
fluctuations is greatly reduced. Consider the effect of an 
applied flux £4> <t> 0 /2 on the characteristics shown in 
Fig. 6. The asymmetry introduced into the hysteresis 
loops causes the SQUID to make its transition from the 
k 0 to the k 1 state at a lower rf flux, reducing the 
voltage across the tank circuit to 

V { f w T{ L T (<P c 8<X>)!M (0 S<t> * 0 /2). (7.2) 

In the region DF of Fig. 6(c), the SQUID traverses only 
the A: 0 A: 1 hysteresis loop. Similarly, if we now 
change the flux to 8<t> (]<5<I>| d> 0 /2), the voltage is 

V { T S) o; rf L r |( <D f S<P)\/M ( <D 0 /2 S<t> 0). 

(7.3) 

The SQUID now traverses only the k 0 k 1 hys- 
teresis loop; the modulus sign in Eq. (7.3) reflects the 
fact that the detection of the peak value of the rf voltage 
is insensitive to whether the transition occurs on a posi- 
tive or negative peak of the rf current. Suppose now that 
7 0 undergoes a slow fluctuation to a new value / 0 
Sl Q . The peak voltage across the tank circuit changes 

to 

V { T S) w T{ L T (<P c LSI 0 S<t>)/M (0 #P <D 0 /2) 

(7.4) 

and 

V { T S) w T tL T \ (4> f LSI 0 ) S<t>\/M 
( <D 0 /2 <5* 0). (7.5) 
We see that the effect of a (say) positive fluctuation 8I 0 
is to increase V T uniformly for all values of applied flux; 
correspondingly, the demodulated voltage vs flux curve 
will be shifted uniformly to a higher voltage. However, 
when the usual modulating flux at frequency f m with a 
peak-to-peak amplitude of 4> 0 /2 is applied to the 
SQUID, the amplitude of the resulting voltage at f m is 
unaffected by this shift. Thus, when this signal is mixed 
down with the same frequency f m . the resulting quasi- 
static output voltage is unaffected by fluctuations in the 
critical current. Any slow fluctuations in the amplitude 
of the rf driving current are similarly suppressed. 

Muck, Heiden, and Clarke (1994) examined the 1// 
noise in Nb rf SQUIDs operated in the hysteretic mode 
at 4.2 K. For a SQUID at 3 GHz, operated in a flux- 
locked loop with conventional flux modulation, they 
found that the flux noise was white at frequencies down 
to below 0.5 Hz. However, when they operated the 
SQUID open loop in the absence of flux modulation, 
the spectral density of the noise was \/f at frequencies 
below about 1 kHz, and three orders of magnitude 
higher at 1 Hz than in the previous measurement. These 
results show very clearly that the conventional operating 
mode of the rf SQUID eliminates the effects of critical- 
current fluctuations. 

In the case of nonhysteretic rf SQUIDs (£, 1), the 
critical current is small so that the amplitude of the l/f 
noise fluctuations in the critical current, which scales as 



/ 0 , is also correspondingly low. This factor contributes 
to the low level of l/f flux noise observed in these de- 
vices (Chesca, 1998). In addition, flux modulation sup- 
presses 1// flux noise due to critical-current fluctuations 
(Muck, Clarke, and Heiden, 1994). The value of the tank 
circuit voltage V T is proportional to / 0 [Eq. (2.19)], but 
in addition V$> also depends on / 0 [Eq. (2.20)]. As a 
result, a fluctuation in I Q results in not only a fluctuation 
in the component of V T at the same frequency but also 
in the amplitude of the component at the flux modula- 
tion frequency. Since, however, the feedback loop is 
(ideally) sensitive only to the phase of the flux modula- 
tion, these amplitude fluctuations will not contribute to 
the output of the phase-sensitive detector. Thus critical- 
current fluctuations are suppressed by modulation and 
feedback as in the hysteretic mode. 

VIII. G RADIOMETERS 

In Sec. VI we described magnetometers with a white 
noise level below 10 fTHz m , a sensitivity adequate for 
most practical applications. However, in many of these 
applications — good examples are magnetocardiology 
and nondestructive evaluation — one needs to detect 
weak signals against a background of magnetic noise 
that is many orders of magnitude higher. In urban envi- 
ronments, the dominant source of noise is the 50 or 60 
Hz signals, and a large number of harmonics, from 
power lines: peak-to-peak amplitudes can range from 20 
nT to 1 >xT. Additionally, traffic (trains, subways, cars) 
can cause even stronger disturbances. For this reason, 
most sensitive measurements with low-7^ 
magnetometers — particularly of biomagnetic signals — 
are currently made in a magnetically shielded room. 
However, except for enclosures, such as that at the PTB, 
Berlin, with very high levels of attenuation, most 
shielded rooms do not reduce the 50 or 60 Hz fields 
sufficiently, and one requires a gradiometer to discrimi- 
nate against distant noise sources with small gradients in 
favor of nearby signal sources. The traditional low-T^ 
gradiometer is wound from niobium wire; two pickup 
loops wound in opposition and mounted on a common 
axis with a baseline (separation) of typically 0.1 m are 
connected in series with an input coil inductively 
coupled to a SQUID (Zimmerman and Frederick, 1971). 
Such a device measures the first-derivative axial gradient 
dBJdz. The addition of a third coil midway between 
the two loops results in a second-derivative gradiometer 
measuring d 2 BJdz 2 . In the case of axial gradiometers, 
the separation of one pickup loop and the signal source 
is generally made rather less than the baseline, so that 
the instrument effectively detects the magnetic field 
from the source. Thin-film gradiometers have also been 
made, measuring either an axial gradient (Hoenig et al , 
1991) or more usually planar devices measuring an off- 
diagonal gradient of the form dBJSx (Hamalainen 
et aL 1993). 

Early wire-wound gradiometers were balanced by ad- 
justing the positions of small, superconducting pellets, 
sometimes to an accuracy of 1 part in 10 f \ (We define 
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"balance' 1 as the ratio of the output of the SQUID when 
a uniform magnetic field is applied to the gradiometer to 
the output when the same field is applied to one pickup 
loop.) However, a myriad of interacting, mechanically 
adjusted components becomes impractical for more than 
a few channels. Current practice is to use magnetome- 
ters and first-derivative gradiometers for the software 
generation of second or third derivatives (Vrba, 1996). 

The lack of suitable wire eliminates the wire-wound, 
high-T r gradiometer as an option, and two alternative 
approaches have been adopted. The first is an electronic 
gradiometer made by subtracting the signals from sepa- 
rate magnetometers: the gradiometer can be axial or 
planar, and the baseline can be chosen at will. The sec- 
ond is a planar gradiometer with thin -film pickup loops. 

A. Electronic subtraction gradiometers 

A high-r c , axial gradiometer was demonstrated by 
Tavrin et al (1993a), who mounted two rf SQUIDs one 
above the other, each with a bulk flux focuser (Zhang, 
Muck, Herrmann et al, 1992). One sensor was mounted 
rigidly while the plane inclination of the second, placed 
60 mm above, could be adjusted from outside the cry- 
ostat to achieve a balance of about 1 part in 10 3 . This 
system was used to measure magnetocardiograms 
(MCG) (Sec. X.A) in an unshielded environment, 
against a 50 Hz background of 1 to 20 nT, although the 
quality of the cardiograms was limited by 1// noise in the 
magnetometers, about 1 pTHz 112 . Subsequently, Tavrin 
et al (1994) added a third, vertically stacked sensor to 
form a second-derivative gradiometer. The lowest sen- 
sor was rigidly mounted, while the inclination of the 
other two, 60 and 120 mm above it, could be adjusted. 
The three channels, A, B, and C could be added elec- 
tronically to generate two first-derivatives, A B and 
B C, and the second derivative, A IB C. The sys- 
tem could be balanced to achieve a common mode re- 
jection ratio of 1 part in 3000 and a gradient rejection of 
1 part in 100. The magnetic-field noise referred to 
SQUID A or C was below 300 fT Hz m . Once balanced, 
the unit required no readjustment after thermal cycling 
and after transporting it over long distances in the 
course of examining some 200 human subjects. A similar 
electronically formed axial gradiometer was recently re- 
ported by Borgmann et al (1997) who used a set of ad- 
justable superconducting plates, similar to those in early 
low-TV gradiometers, to achieve the final balance. The 
authors achieved a balance better than 10 4 for uniform 
background fields and better than 200 for gradient fields. 
Electronic gradiometers have also been constructed with 
the magnetometers in the same plane (David et al. 1997; 
ter Brake, Janssen et al, 1997). 

The balance of an electronic gradiometer is limited by 
the linearity of the flux-locked magnetometers and by 
the common mode rejection ratio of the subtraction sys- 
tem. In the presence of high background noise, the dy- 
namic range and slew rate of the magnetometers may be 
challenged. None of these difficulties arises with super- 
conducting gradiometers, which thus have an inherent 




FIG. 31. Configuration of three-SQUID gradiometer (Koch 
et al, 1993). 

advantage over electronic cancellation. However, the 
three-SQUID gradiometer (TSG) of Koch et al (1993), 
shown in Fig. 31, also circumvents these problems by 
using electronic cancellation and subtraction. The cen- 
ter, reference magnetometer operates in a flux-locked 
loop and applies its output also to a coil coupled to each 
of the outer magnetometers. Thus the environmental 
noise at each of the two sensing magnetometers is 
greatly attenuated, reducing their linearity and slew-rate 
requirements. The signals from the outer two sensors 
are then subtracted to form a first-derivative gradiom- 
eter. Koch and co-workers demonstrated several ver- 
sions of the TSG, with baselines of 0.1 to 0.25 m and 
using both low-7 r and high-7\ SQUIDs. The balance 
can be adjusted to about 1 part in 4000 by adjusting the 
feedback currents with room-temperature resistors. A 
key advantage of this approach is that any noise gener- 
ated by the central sensor is applied equally to the two 
outer magnetometers and eliminated in the subtraction. 
As a result, one can use less sensitive SQUIDs to gen- 
erate the canceling fields or even a total-field magneto- 
meter, such as a flux gate, which can be used to cancel 
not only the fluctuating fields but also the static field. 
However, one difficulty with most flux gates is that their 
bandwidth is typically limited to 100 Hz. so that they 
cannot be used to cancel harmonics of the 50 or 60 Hz 
signal. In their original publication, Koch et al reported 
a white gradient noise of 6 pTm 1 Hz 1/2 for SQUIDs 
with 3 3 mm 2 flux-focusing washers. For a baseline of 
0.1 m. this result corresponds to a magnetic-field noise of 
600 fTHz 12 referred to one sensor. 
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B. Gradiometric flux transformers 

Electronic subtraction enables one to choose an arbi- 
trary baseline and to adjust the balance externally. Ex- 
perience with low-T c devices, however, shows that it is 
notoriously difficult to operate such systems in the harsh 
environment of a laboratory or a hospital and to achieve 
an adequate signal-to-noise ratio for clinical applica- 
tions. Low-T c systems intended for unshielded opera- 
tion invariably have a gradiometric flux transformer to 
bear the brunt of the large level of background noise; 
even then, an adequate signal-to-noise ratio in unfavor- 
able situations may not be possible (Vrba, 1996). Thus 
there are strong incentives to develop high-T c equiva- 
lents, albeit in planar geometries. An early gradiometer 
fabricated from a YBCOSTO-YBCO multilayer (Eidel- 
loth et al, 1991) employed a multiturn input coil coupled 
to two pickup loops of opposite senses in the same 
plane. The baseline was about 5 mm. The multiturn coil 
was coupled to a square-washer SQUID in a flip-chip 
arrangement. At the time, multilayer technology was 
still in its infancy and the device exhibited substantial 
levels of 1// noise. The best reported gradient noise at 10 
Hz was 400 pTm 1 Hz 1/2 . A similar flip-chip gradiom- 
eter with improved 1// noise was reported later by 
Keene, Chew et al (1994). However, both gradiometers 
exhibited poor balance because of the unbalanced 
SQUID. The balance was improved by two orders of 
magnitude to about 1 part in 1000 by means of gradio- 
metrically configured SQUIDs (Keene, Chew et al, 
1994; Keene et a/., 1995). 

An alternative gradiometer configuration (Ketchen 
et al, 1978) consists of two pickup loops in parallel with 
a SQUID measuring the current induced along the com- 
mon line [(Fig. 32(a)]. This configuration has the disad- 
vantage that large supercurrents are induced around the 
perimeter when the device is rotated in an ambient field. 
Knappe et al (1992), Zakosarenko et al (1994), Daal- 
mans et al. (1995), Schultze, Stolz et al (1997). Schmidl, 
Wunderlich, Dorrer, Specht et al (1997) and Dorrer 
et al (1997) have all made single-layer, first-derivative 
gradiometers of this kind, using dc SQUIDs with either 
step-edge or bicrystal junctions. The baselines are lim- 
ited by the size of the substrate to about 5 mm, and the 
best gradient sensitivities are about 50 pTm 1 Hz 1,2 . 
All the dc SQUID-based gradiometers described above 
have the disadvantage that the SQUID itself has a non- 
zero response to magnetic field, producing an intrinsic 
imbalance. This problem is circumvented in the rf 
SQUID-based gradiometer by Zhang. Soltner. Krause 
et al (1997), resembling the configuration of Fig. 32(a), 
with a single, step-edge junction intersecting the central 
strip. This structure is a re-creation of the Nb "two- 
hole" rf SQUID (Zimmerman et al, 1970). The device 
had a baseline of about 5 mm and was balanced to 1 part 
in 1000. The gradient field noise was about 100 
pTm 1 Hz 1:2 above 10 Hz. One of these gradiometers 
was used to perform eddy-current measurements of 
cracks in aluminum in an unshielded environment. 




FIG. 32. Gradiometers: (a) Principle of single-layer, planar 
gradiometer with parallel inductances 1 and 2. A gradient 
dB z l3 x induces a current in the central strip 3 that links flux to 
the SQUID 4 (Daalmans, 1995). (b) First-derivative planar 
gradiometer on a 10 lOmnr chip that is coupled to (c) the 
gradiometric structure on a two-inch substrate (Faley et al, 
1997). 

Several attempts have been made to extend the base- 
line using single-layer gradiometers in a flip-chip ar- 
rangement (Daalmans, 1995; Faley et al, 1997). The 
concept is illustrated in Figs. 32(b) and (c) (Faley et al, 
1997), which shows a dc SQUID with quasiplanar PBCO 
junctions on a 10 10 mm 2 chip that is inductively 
coupled to a gradiometric flux transformer on a 50 mm 
substrate. The central strip in the transformer is in- 
tended to reduce the inductance and pickup area of the 
SQUID by screening. The baseline was 20 mm, the bal- 
ance about 1 part in 1800 and the noise 5 pTm 1 Hz 1/2 
at 1 kHz. A comparable sensitivity was reported by 
Daalmans (1995). 

It should be noted that all the single-layer, thin-film 
gradiometers lose substantial sensitivity because the in- 
ductances of the pickup loops are mismatched to the 
input coil coupling them to the SQUID. This drawback, 
together with the relatively short baseline of even the 
largest devices (20 mm) implies that none of them is 
practicable for applications such as magnetocardiology. 
However, as demonstrated already, they may be well- 
suited to nondestructive evaluation (NDE). To achieve 
high enough sensitivity and a long enough baseline for 
magnetocardiology with this approach would require a 
multiturn input coil fabricated on a substrate at least 50 
mm and preferably 100 mm in length. This somewhat 
daunting prospect has yet to be tackled. 

A new approach to single-layer, thin-film gradiom- 
eters was recently demonstrated by Dantsker, Froehlich 
et al (1997) who fabricated the asymmetric, planar gra- 
diometer shown schematically in Fig. 33(a). The gradi- 
ometer consists of a directly coupled SQUID magneto- 
meter with a pickup loop of inductance L m and area 
A m , and a superconducting flux transformer with an in- 
put loop of inductance and area A, connected to a 
pickup loop of inductance L p and area A p . The mutual 
inductance between the magnetometer and input loop is 
M t a(L m L,) ]:z . With a suitable choice of these param- 
eters, one attains the balance condition 

a [A m !(A p A,)](L p L t )/(L l L m ) ir2 (8.1) 

for which the directly coupled magnetometer produces 
zero response to a uniform magnetic field B T . On the 
other hand, a magnetic field SB : applied only to the 



Rev Mod. Phys., Vol. 71, No. 3, April 1999 



666 



D. Koelle et aL High-transition-temperature SQUIDs 




i 30 

(b) 7 mm 28.5 mm 

v ' mm - ■ 




FIG. 33. Configuration of asymmetric, planar gradiometer 
coupled to a directly coupled magnetometer: (a) schematic, (b) 
experimental (shaded square represents magnetometer) 
(Dantsker. Froehlich et a/.. 1997). 

magnetometer and the input loop induces a current 
SJ m 7}8B z A m i L m in the magnetometer loop, where 

77 [L p /L l 1 a(L m iL l ) m A I /A m ]/(L p /L l 1 a 2 ) 

(8-2) 

represents the screening effect of the flux transformer. 

The physical configuration of the gradiometer is 
shown in Fig. 33(b). The single-layer directly coupled 
magnetometer was patterned in a 150-nm-thick YBCO 
film laser-deposited on a 10 10 mm 2 SrTi0 3 bicrystal. 
The outer and inner dimensions of the magnetometer 
loop are 10 and 2 mm, respectively, yielding an esti- 
mated inductance L m 4 nH and area A m 20 mm 2 . 
The flux transformer was fabricated from a 260-nm-thick 
YBCO film coevaporated on a 100 mm r-plane sapphire 
wafer. For these dimensions, balance is predicted to oc- 
cur for a 0.43 0.04. The corresponding value 77 0.95 
implies that the flux transformer reduces the intrinsic 
sensitivity of the magnetometer by only 5%. The 
baseline — the separation between the midpoints of the 
two loops — is 48 mm. 

The gradiometer was balanced by sliding the flux 
transformer over the magnetometer, immersed in liquid 
nitrogen, thereby varying the coupling coefficient a. A 
balance of about 1 part in 3000 was achieved with re- 
spect to magnetic fields perpendicular to the plane of the 
gradiometer, while the intrinsic balance with respect to 
in-plane fields was about 1 part in 1400. Operated in an 
unshielded environment, the gradiometer reduced the 
60 Hz peak by a factor of 1600 compared with the bare 
magnetometer. 

This approach to gradiometers has several advan- 
tages. The fact that the intrinsic magnetic-field sensitiv- 
ity of the magnetometer is reduced by only a few per- 
cent by the presence of the transformer is particularly 
appealing for high-7\ devices, for which resolution is at 
a premium. It should not be necessary to use particularly 
high quality films, since vortex motion in a flux trans- 
former with a relatively large area and inductance does 
not contribute significantly to the overall \lf magnetic- 
field noise (Koelle. Miklich, Dantsker et al, 1993). The 



general principle can be extended to other derivatives of 
the magnetic field: for example, the addition of a second, 
identical pickup loop on the opposite side of the input 
loop would produce a gradiometer sensitive to 
d 2 B z idx 2 . The high degree of balance and long baseline 
make this gradiometer eminently suitable for multichan- 
nel arrays for biomagnetic measurements. However, it 
would be impracticable to balance these gradiometers 
mechanically — a more realistic approach might be to 
mount the transformer permanently on the magnetome- 
ter and to achieve the final balance by laser trimming. 

Finally, which of these gradiometers should one use? 
Currently, the two major applications are biomagnetism 
and NDE (Sees. X.A and X.B). For NDE, one generally 
does not require particularly high sensitivity, and a rela- 
tively compact, single-layer gradiometer with a baseline 
of 5-10 mm is likely to be adequate. For biomagnetism. 
the situation is more complex. Good results have been 
achieved with electronic subtraction of magnetometers, 
but limitations of slew rate, linearity and CMRR present 
difficulties for unshielded operation. Still, this approach 
is the only one that can measure an axial gradient. For 
the immediate future, at least, gradiometric flux trans- 
formers are limited to planar configurations Ideally, one 
would like to fabricate a long-baseline gradiometer with 
a multiturn, multilayer input coil, with an inductance to 
match that of the pick-up loops, inductively coupled to 
the SQUID. In practice, the cost of manufacturing such 
structures on large substrates — say, four inch — is likely 
to be prohibitive. The best alternative would seem to be 
the asymmetric, planar gradiometer, provided it can be 
balanced adequately without recourse to mechanical ad- 
justment. 

IX. SQUID'S IN UNSHIELDED ENVIRONMENTS 

Sections VI and VII illustrate the low levels of mag- 
netic flux and field noise achieved with high-7^ SQUIDs 
and magnetometers. All these results, however, were 
obtained with the devices cooled and operated inside 
magnetic shields which attenuate the ambient static and 
time-varying fields by large factors. In this section, we 
discuss the operation of high-T r SQUIDs in the ambient 
environment, without magnetic shielding, as is essential 
for some applications. For example, it is 
obviously impractical to shield an airplane wing under- 
going nondestructive evaluation. In the case of geophys- 
ical applications, one measures fluctuating magnetic 
fields generated either naturally or by man-made 
sources, and has no option other than to operate the 
magnetometer unshielded. In biomagnetic measure- 
ments, magnetically-shielded rooms large enough to en- 
close a patient and multiple SQUID sensors are com- 
mercially available and have been widely used with low- 
TV SQUIDs. but their price— as high as $0.5 M— adds 
substantially to the overall cost of the system. This is 
particularly true for systems with a relatively small num- 
ber of channels, for example, for magnetocardiology. 
and the elimination of the MSR would do much to make 
such techniques more financially accessible. 
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A SQUID exposed to the ambient environment is ad- 
versely affected by a variety of sources. These can be 
categorized into sources that are extrinsic — arising di- 
rectly from the environment — and sources that are in- 
trinsic to the SQUID. Examples of environmental noise 
sources are nearby power lines (typical amplitudes are 
20 nT-1 mT at 50 or 60 Hz), computer displays (40 to 80 
Hz), lasers, elevators, and automobiles. These extrinsic 
noise sources and their harmonics and intermodulation 
products obscure the signal of interest such as a magne- 
tocardiogram, and their reduction requires gradiometers 
(Sec. VIII) or active cancellation. One possible intrinsic 
effect is the reduction of the critical current, resulting in 
a decrease in the transfer function and an increase in the 
white noise. For example, Miklich et al (1994) found 
that the critical current of their 3-/xm-wide bicrystal 
junctions decreased by 15% when they were cooled in a 
100 fiT field. However, this problem can be largely 
eliminated by reducing the width of the junctions: 
Dantsker, Tanaka, and Clarke (1997) found an insignifi- 
cant reduction in the critical current of l-/xm-wide junc- 
tions cooled in 130 fiT. We note that ramp-edge junc- 
tions are intrinsically shielded and also suffer a 
negligible critical current reduction in comparable fields 
(Faley, Poppe, Urban et al, 1995). 

A. 1/f noise 

The low-frequency flux noise power of most high-r c 
SQUIDs increases when they are cooled in the earth's 
field, by as much as a factor of 50. This increase is 
caused by the thermally activated hopping of weakly 
pinned vortices which penetrate the YBCO film during 
cooling. Ferrari et al (1994) used a Iow-7\. dc SQUID to 
measure the noise in YBCO films cooled in static fields 
B 0 and found that at low frequencies S^f) scaled as l/f 
for cooling fields above a few ^,T. Furthermore, S<p(f) 
scaled linearly with B 0 [Fig. 34(a)], as expected for the 
uncorrelated hopping of vortices since S<p(f) is ex- 
pected to be proportional to the number of vortices and 
hence to B 0 . Miklich et al. (1994) found similar in- 
creases for a dc SQUID [Fig. 34(b)] and a directly 
coupled magnetometer, although S$,(f) did not always 
scale linearly with B 0 . Other authors (Faley, Poppe, Ur- 
ban era/., 1995; Tanaka et al, 1995; Glyantsev et al, 
1996) confirmed these findings, in SQUIDs, and Keene 
et al (1996) found that the low-frequency noise of their 
planar gradiometers increased substantially for cooling 
fields above 15 /iT. The flux noise for the SQUID in Fig. 
34(b) at B {) 50 M T is about 200 M <t> 0 /Hz 12 at 1 Hz. 
Even coupled to the best flux transformer described in 
Sec. VI. C, this excess noise would limit the magnetic- 
field resolution to about 400 fT/Hz 1 : , an order of mag- 
nitude greater than that of the most sensitive sensors in 
zero field. Recently, however, Schmidt et al (1996) 
showed that the flux noise in one of their directly 
coupled magnetometers, about 10/i<J> 0 Hz 1/2 at 1 Hz, 
was nearly independent of magnetic field up to 100 yuT, 
but gave no details of the fabrication process or geom- 
etry. 
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FIG. 34. Flux noise Sq (1 Hz) vs cooling field B {) : (a) for a 
YBCO film at 77 K, measured with a low-F r SQUID. Filled 
and open circles indicate reversed direction of B 0 , line is least- 
squares fit. (b) for YBCO dc SQUID with bicrystal junctions 
and 250-/xm washer, measured with bias reversal (Miklich 
et al, 1994). 

Reduction of the excess l/f noise in SQUIDs operated 
in unshielded environments is clearly essential. One 
must eliminate either the motion or the presence of flux 
vortices, and we now examine the approaches that have 
been investigated. 

To reduce the motion of a given density of vortices, 
one has to create strong pinning sites. Shaw et al (1996) 
showed that proton or heavy-ion irradiation of single 
crystals of YBCO not only increased the critical-current 
density but also reduced the l/f noise substantially. 
However, the critical-current densities were still sub- 
stantially lower and the \lf noise in ambient fields still 
substantially higher than the values in thin films. Fur- 
thermore, heavy-ion irradiation at doses up to the level 
at which T c starts to degrade does not increase the criti- 
cal current of thin films that already have high critical- 
current densities (Barbour et al, 1992), implying that 
pinning in these films as grown is already close to opti- 
mum. Thus it seems unlikely that this approach will ma- 
terially reduce the level of l/f noise in thin YBCO films 
cooled in an ambient magnetic field. 

One method of eliminating the excess \/f noise is to 
cancel the static field that causes it. For medical applica- 
tions, some groups, for example Aarnink et al (1995), 
have used a three-axis flux-gate magnetometer as a ref- 
erence sensor that controls the current through three 
orthogonal sets of cancellation coils surrounding the 
dewar. This technique can reduce the ambient field to 
about 1%, but the flux-gate magnetometers themselves 
generate excess noise. This noise can be reduced if one 
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FIG. 35. S}f(f) for dc SQUID shown in the inset cooled in a 
field of 24 /xT. Upper trace is for device with outer dimension 
D 500 /im. lower trace is after repatterning to a width D 
30 yum (dotted lines). Inset not to scale. Dashed line indi- 
cates grain boundary (Dantsker et al, 1996). 

uses SQUID gradiometers. A simpler and perhaps more 
practical version of this method is the three-SQUID gra- 
diometer (Koch et al, 1993, see Sec. VIII.A) with the 
reference SQUID replaced with a flux-gate magnetome- 
ter. Of course, none of these methods is appropriate for 
geophysical measurements in which one is interested in 
fluctuations in the ambient magnetic field. 

The most practical method of eliminating the excess 
1// noise is to design the superconducting components of 
the magnetometer so that flux vortices do not enter. For 
a film of width w cooled in a perpendicular field # 0 , 
Clem(1996) has shown that it is energetically unfavor- 
able for flux to penetrate provided ( tt<P 0 /4B 0 ) 1/2 . 
Dantsker et al. (1996) studied the 1// noise produced by 
SQUIDs with various film widths as a function of the 
magnetic field in which they were cooled. The upper 
trace of Fig. 35 is the flux noise S <s> u2 (f ) of a square- 
washer bicrystal SQUID with outer dimensions of 500 
ixm and a slit 100 /Am long and 4 fxm wide, cooled in 24 
ixT. The observed 1// spectrum is typical for such de- 
vices. The SQUID was subsequently repatterned to re- 
duce the outer dimension to 30 /im and the linewidth to 
13 yum, as indicated by dotted lines in the inset. The 
lower trace shows that the low-frequency noise is dra- 
matically lower, by two orders of magnitude in power at 
1 Hz. Similar measurements on SQUIDs with linewidths 
ranging from 4 to 13 ftm showed that the flux noise at 1 
Hz, typically 8-20/x<J> 0 Hz 1/2 , was independent of the 
cooling field up to a threshold B r> above which the 
noise increased rapidly, indicating that vortices begin to 
penetrate the film. Although B T increased with decreas- 
ing linewidth, the increase was slower than Clem s 
model predicts. For example, in the first batch of devices 
B T was about 33 /xT for w 4/im, a field about three 
times less than the predicted value 7r<J> u /4w : -^ 100 /xT. It 
was suggested that poor-quality edges, which offer low- 
energy sites where vortices tend to nucleate, were the 
most likely cause of the lower threshold. However, sub- 
sequent work (see below) showed that threshold fields 
of over 100 /uT could be achieved with more carefully 
patterned edges. We note that edges should be vertical 




FIG. 36. Photographs of (a) a solid, thin-film dc SQUID, (b) a 
SQUID with eight slots and (c) with 248 holes. The outer di- 
mensions of each device are 186 /zm 204 (Dantsker. 
Tanaka, and Clarke, 1997). 

to give the highest threshold field, a requirement that is 
the antithesis of the smoothly beveled edges needed for 
multilayer structures. 

We now discuss the implications of this result to di- 
rectly coupled magnetometers in which we use a 
SQUID with a narrow linewidth. We show that the 
pickup loop is expected to add negligible 1// noise even 
though its linewidth is often several millimeters wide 
and thus the film is penetrated by vortices even in low 
cooling fields. The motion of the vortices generates 
screening currents which couple an indirect flux noise 
S l £( f) to the SQUID. For a square pickup loop of outer 
and inner dimension d x and d 2 and inductance L p , this 
indirect noise is given by (Dantsker et al, 1996) 

Sl(f)^S t i{f)a 2 li {LIL p ) 2 (d, d 2 )i(d x d 2 ). (9.1) 

Here, S%(f) is the spectral density of the flux noise of 
an unpatterned YBCO film measured by a SQUID 
placed directly over it. typically 10 9 <J> 0 2 /Hz at 1 Hz for 
high-quality films cooled in B {) 50 /xT (Ferrari et al, 
1994). Taking the typical values L=^20pH. a d **l and 
L p ^5 nH for a magnetometer pickup loop with d^W 
mm and d 2 ~*2 mm, we find S$ (1 Hz)«=10 14 <J> t 2 t /Hz. 
This value is several orders of magnitude below the flux 
noise of the SQUID (for example, Fig. 35). The best 
directly coupled magnetometers on a 10 10 mm 3 sub- 
strate have a noise of about 50 fTHz 1/2 (Lee et al. 1995; 
Beyer et a/., 1998), and with appropriate SQUID design 
it should be possible to achieve this result in the earth's 
field at frequencies down to (say) 1 Hz. This would be 
adequate for most geophysical applications. 

We turn next to a discussion of multilayer devices. In 
the case of the multiloop magnetometer (Sec. VI. D), at 
least in principle, it should be possible to reduce all the 
linewidths to (say) 4 /xm, so that the \If noise should not 
increase in ambient fields up to about 100 /xT. For a 
square-washer SQUID coupled to a multiturn flux trans- 
former, however, it is clearly out of the question to re- 
duce the outer dimensions of the SQUID. Dantsker, 
Tanaka, and Clarke (1997) tackled this problem using 
SQUIDs with the configurations shown in Figs. 36(b) 
and (c). Once again, the key is to maintain narrow line- 
widths. In the first design [Fig. 36(b)] the SQUID 
washer is interpenetrated by eight slots, each 8 /xm wide, 
separating nine YBCO strips, each 4 /xm wide. In the 
second design [Fig. 36(c)) 248 holes, each 8 8 /xm, di- 
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FIG. 37. S l £ (1 Hz) vs cooling field B {) for the three SQUIDs 
shown in Fig. 36 (Dantsker, Tanaka, and Clarke, 1997). 



entry and ensuing Iff noise could be prevented by 
means of a "flux dam" — a weak link in the pickup loop 
that limits the circulating current to its critical current. 
With the flux dam in place, exposing the magnetometer 
to 50 xxT after a zero-field cool resulted in a considerably 
smaller increase in the \/f noise. More recently, Mil- 
liken, Brown, and Koch (1997) reported a directly 
coupled magnetometer containing a flux dam in which 
the noise of several hundred fTHz 1/2 at 1 Hz did not 
increase significantly when the device was exposed to 
fields as high as 34 /iT following a zero-field cool. Thus 
for magnetometers that are subject to being moved, the 
lowest levels of Iff noise are likely to be achieved with a 
combination of narrow linewidths and a flux dam. 



vide the washer into a grid of 4-,um-wide lines. Figure 37 
compares S<t> 1/2 (1 Hz) for three devices made on a single 
chip in the configurations of Fig. 36, cooled in static 
magnetic fields 5 a . The noise of the solid SQUID in- 
creases rapidly with £ 0 , much like the device in Fig. 
34(b). The SQUID with slots, on the other hand, shows 
no significant increase in the noise for fields up to at 
least 100 fjJ, At 130 /xT the noise has increased some- 
what, suggesting that vortex entry occurred just below 
this field. For the device with 248 holes 5 4, 1/2 (1 Hz) also 
shows no increase for cooling fields up to at least 80 /xT. 
Furthermore, measurements cf the mutual inductance 
M t between each of the SQUIDs in Fig. 36 and a seven- 
turn input coil revealed that the presence of slots or 
holes reduces M t by no more than 14%. Since the flux 
noise generated by the pickup loop is expected to be 
unimportant, these results suggest that it should be pos- 
sible to operate magnetometers with multiturn input 
coils in the earth's magnetic field with no increase in 1// 
noise. 

However, it should be stressed that when a device is 
moved in an ambient magnetic field, the induced super- 
currents are very likely to generate vortices and increase 
the noise. For example, Keene et ai (1996) rotated a 
planar gradiometer in static fields as high as 70 xxT and 
measured a monotonic increase in the 1// noise as they 
turned the device through 90°; furthermore they ob- 
served large random telegraph signals (RTS) over some 
narrow angular ranges. Thus, after any such devices are 
moved in a static field, it is likely to be necessary to raise 
their temperature briefly above T c to release the in- 
duced currents. 

Earlier, Koch et ai (1995) had investigated the effect 
of cooling a directly coupled magnetometer inside a 
magnetic shield which they subsequently removed, ex- 
posing the device to an ambient field. They showed that 
the current generated in the pickup loop by the field 
caused vortices to enter the material. Exposure to a field 
of 50 /xT, for example, caused a substantial increase in 
the level of 1// noise. We note that, according to our 
discussion concerning Eq (9.1), the density of vortices 
generated by these currents must far exceed the density 
produced by the ambient field itself. If this were not the 
case, the Iff noise contribution of the loop would be 
negligible. Koch et ai (1995) demonstrated that this flux 



B. Hysteresis 

Magnetic hysteresis in a SQUID-based instrument 
manifests itself as a shift of the voltage-flux characteris- 
tics along the flux axis after the magnetic field is cycled. 
This effect is undesirable if one wishes to keep track of 
the absolute value of the magnetic field or to measure 
gradients in large fluctuating background fields. Mag- 
netic hysteresis is observed for low- 7*,. and high-T^ 
SQUIDs and is related to vortex entry and pinning near 
the edges of thin films (Koch et ai, 1989, Sun et ai, 1992; 
Sun. Gallagher, and Koch, 1993; Sun et ai, 1994; Clem 
et ai, 1993; Purpura et ai, 1993; Keene et ai, 1996). The 
degree of hysteresis is expressed by the hysteresis pa- 
rameter h <5<f>/A<t>, where SP is the flux error caused 
by sweeping the applied flux between A4>. For inte- 
grated thin-film low-7 c gradiometers operated at 4.2 K 
in the ambient magnetic field, a magnetic hysteresis as 
low as 10 g -10 11 (Koch, Ketchen ef a/ , 1991) has been 
measured. Initial studies on high-T, dc SQUIDs based 
on polycrystalline films showed high levels of nonlinear 
hysteresis (Foglietti et ai, 1989; Koch et ai, 1989). For 
grain-boundary dc SQUIDs involving epitaxial YBCO 
films on bicrystals. Gross and Chaudhan (1992) reported 
h 10 6 at 77 K for A<J>=£<t> 0 . 

Sun and co-workers made systematic studies of the 
hysteresis in low-r f and high-7\ dc SQUIDs using cy- 
cling fields ranging from 10 xxT to 1 mT peak to peak. In 
each case they found both time-independent and time- 
dependent hysteresis. The time-independent hysteresis 
appeared above a threshold field of a few hundred mi- 
crotesla. The threshold field had a similar temperature 
dependence to the critical-current density of the thin 
films, suggesting a relation between this hysteresis and 
flux pinning. Sun et ai (1994) developed a quantitative 
model involving the Lorentz force on vortices due to 
screening currents, the surface barrier to flux entry, and 
the pinning force of defects in the superconducting film. 
Within this model they showed that the observed thresh- 
old field corresponds to the value at which the Lorentz 
force equals the sum of the surface barrier and the pin- 
ning force. Since the screening currents and hence the 
Lorentz force on a vortex are maximum at the edges of 
the film and decay into film, the vortices are swept into 
the film until the Lorentz force becomes smaller than 
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FIG. 38. Hysteresis of YBCO dc SQUIDs with a 
square washer. Lower traces are for devices prepared with 
higher edge quality and show a significant reduction in hyster- 
esis (Sun et al % 1994). 

the pinning force. The distance over which the vortices 
penetrate into the washer and the ensuing degree of hys- 
teresis are predicted to depend crucially on the local 
pinning force near the film edges, in agreement with the 
dramatic reduction of the hysteresis achieved by improv- 
ing the quality of the film edges (Sun, Gallagher, Calle- 
gari et al, 1993). This improvement is illustrated in Fig. 
38. Clearly, to obtain small hysteresis one requires a 
high average critical-current density in the films. How- 
ever, the hysteresis is dominated by the local properties 
close to the edges: for example, a single grain boundary 
cutting across the edge of a SQUID washer increased 
the hysteresis by several orders of magnitude (Sun et al, 
1994). Keene et al (1996) made similar measurements of 
hysteresis in a gradiometric, high-7 ( SQUID coupled to 
a gradiometric flux transformer with multiturn input 
coils. For cycling fields up to 70 /xT, the hysteresis pa- 
rameter averaged 3 10 6 . When the measurements 
were repeated on the SQUID without the flux trans- 
former, the hysteresis was little changed for cycling 
fields below 40 /xT but increased dramatically for higher 
fields. The authors attribute this behavior to the pinning 
of the radial motion of vortices in the SQUID by the 
input coils. It is particularly important to note that high 
edge-pinning forces are a key to producing low levels of 
both Iff noise and hysteresis, and imply steep film edges. 
This requirement is, unfortunately, not compatible with 
the need for gently sloping edges on all but the last film 
of a multilayer structure. 

C. rf interference 

Environmental rf fields may have a major effect on 
SQUIDs. In their simulations. Koch et al (1994) 
coupled rf signals to dc SQUIDs as both a flux and a 
bias current, via the input and output circuitry of the 
SQUID. They showed that rf interference distorts the 
V-$> characteristic by both reducing its amplitude and 



creating an asymmetry about the <t> 0 /2 point. The first 
effect increases the white noise of the SQUID but, when 
conventional flux modulation is used, does not create a 
shift in the output of the flux-locked loop. The second 
effect can lead to a large increase in the level of low- 
frequency noise; however Koch and co-workers showed 
that this problem can largely be eliminated by using bias 
current reversal. 

One can often effectively eliminate rf interference by 
means of appropriate shielding. However, this may not 
be possible in certain situations, notably for systems that 
are required to move in the earth s field; such motion 
induces eddy currents in the shield. In these situations, 
the combined use of flux modulation and bias reversal 
greatly reduces the effects of rf interference. Koch et al 
(1994) emphasize that the rf coupling is reduced by mak- 
ing the superconducting structure small so as to decrease 
their antenna gain and, especially, by making the input 
and output circuits and the SQUID itself as balanced as 
possible. A high degree of balance prevents common 
mode rf fields, which have no effect on the SQUID, 
from creating differential signals that couple to the cur- 
rent and flux biases. 

D. Temperature fluctuations 

The effects of temperature fluctuations or diifts on 
the output of a high-7 c SQUID have been largely ig- 
nored until recently. However, these effects can be sub- 
stantial (Milliken, Koch et al, 1997; ter Brake et al, 
1997). Such fluctuations can be induced, for example, by 
changes in the ambient pressure above the liquid nitro- 
gen bath. A change in temperature modifies the penetra- 
tion depth and hence the effective sensing area of a 
SQUID, producing a flux change in the presence of an 
ambient magnetic field. For typical devices in the earth's 
magnetic field, the change in flux can be as high as 
0.5 4> 0 /K. To achieve a noise level of (say) 
10^<J> o Hz 1/2 with this temperature coefficient would 
require a temperature stability of a few tens of 
/xK Hz ]r2 at frequencies above 1 Hz. The effect of tem- 
perature fluctuations can be reduced by appropriate de- 
sign of the SQUID and flux transformer, stabilizing the 
ambient pressure, providing a long thermal time con- 
stant between the bath and the device, and reducing the 
ambient field. These are complicated issues that require 
further attention. 

X. APPLICATIONS 

The first practical measurement with a high-T r 
SQUID was probably the use of a bulk rf SQUID by 
Likhachev et al (1990) to detect the magnetocardiogram 
of a human subject. Since then, as the sensitivity of 
SQUIDs has progressively improved, the range of appli- 
cations has grown rapidly. Currently, there is most inter- 
est in magnetocardiology and, to a lesser extent, magne- 
toencephalography. nondestructive evaluation (NDE), 
and SQUID "microscopes." Geophysical instrumenta- 
tion is receiving growing attention and appears to 



Rev. Mod. Phys., Vol 71, No. 3. April 1999 



D. Koelle et ai. High-transitton-temperature SQUIDs 



671 



have an important future. We shall review each of these 
topics in turn. Of the various other applications, we 
mention just two. One is the SQUID picovoltmeter, in 
which the voltage to be measured is coupled in series 
with a resistor and a multiturn, single-layer film that is 
inductively coupled to a directly coupled magnetometer 
(Miklich et ai, 1995; Faley etai, 1997). The other is the 
spinner magnetometer, in which a geophysical sample is 
rotated, typically at 10 rev/sec, just below the bottom of 
a dewar containing a high- 7", SQUID (Tinchev, 1997). 
The resulting oscillating magnetic field enables one to 
determine the static magnetization of the sample. 

A. Biomagnetism 

Biomagnetism refers quite generally to the measure- 
ment of magnetic fields produced by any living organism 
but, apart from experiments on magnetotactic bacteria 
mentioned in Sec. X.C, it appears that high-r c magne- 
tometers have been used only to detect signals from the 
human body. These fields range from several tens of pi- 
cotesla from the human heart down to a few tens of 
femtotesla from the spinal cord (Wikswo, 1995). The 
majority of the commercial low-7^ SQUIDs ever made 
are employed in multichannel systems for magnetoen- 
cephalography (MEG) — measurements of signals from 
the human brain. This application demands a magnetic- 
field resolution of a few fT Hz 1/2 at frequencies down to 
about 1 Hz. As discussed in Sec. VI, the best high-7 c 
SQUID magnetometers have a white noise below 10 
fT Hz m , but at 1 Hz the noise is about a factor of 3 
higher. Thus high-7 c magnetometers are not yet quite 
good enough for clinical MEG, although there have 
been several demonstrations of neuromagnetic measure- 
ments (Zhang, Tavrin etai, 1993; Dilorio etai, 1995; 
Curio etai, 1996; Drung, Ludwig etai, 1996). On the 
other hand, the requirements for magnetocardiology 
(MCG) — measurements of signals from the human 
heart — are somewhat more relaxed, and as a result most 
biomagnetic measurements with high-7\ SQUIDs have 
focused on this application. 

Although the peak signal amplitudes in MCG are sev- 
eral tens of picotesla, there is fine structure of clinical 
interest with a mean amplitude of about 2 pT (David 
etai, 1997). The base-to-peak amplitude of a biomag- 
netic signal to be identified in a single measurement in a 
bandwidth A/ is given by B p c R S l ^ 2 (Af) m . The crest 
factor c R is determined by the probability that an ob- 
served magnetic field is signal rather than noise, and a 
value of about 4 is used under the assumption that the 
noise is white throughout the measurement bandwidth 
(Ott. 1988). Thus for the typical values A/ 200 Hz and 
B p 2 pT, the sensor should have a noise below 35 
fT Hz 1/2 . Although magnetocardiograms measurements 
have been obtained by a number of groups to illustrate 
the performance of their magnetometers, only a few 
such recordings, obtained in a well-shielded environ- 
ment, are of sufficient quality to yield diagnostically use- 
ful information. The best data were obtained in the mag- 
netically shielded room of the PTB in Berlin with 
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FIG. 39. Real-time trace of rnagnetocardiogram recorded with 
NKT integrated magnetometer in magnetically shielded room 
at PTB in Berlin. The measurement was performed in a band- 
width of 0.016-200 Hz without power line filter. Inset illus- 
trates very low peak-to-peak noise (Drung, Ludwig et ai, 
1996). 

several kinds of multilayer magnetometers (Drung, Lud- 
wig et ai, 1996; Drung, Dantsker et ai, 1996). The high- 
est signal-to-noise ratio was obtained with an integrated 
magnetometer involving a multiturn input coil, fabri- 
cated at NKT, which had a noise of 10 fTHz 1/2 at 1 kHz 
and 53 fTHz m at 1 Hz (Drung, Ludwig etai, 1996). 
An unfiltered, real-time MCG measurement with this 
device is illustrated in Fig. 39. The measurement band- 
width was 200 Hz, resulting in a base-to-peak noise am- 
plitude of 0.75 pT and a signal-to-noise ratio of 130 for 
the peak value. The latter value is considered acceptable 
for MCG with low-7 c systems. The sensitivity of this 
particular high-7 c magnetometer was adequate to detect 
wide-band MEG signals produced by both the central 
and peripheral nervous systems, with amplitudes of 100 
fT or less (Curio et ai, 1996; Drung, Ludwig et ai, 1996). 

Subsequently, Burghoff et ai (1996) used a high-r c rf 
SQUID magnetometer in the Berlin shielded room to 
record the MCG of both a healthy subject and a subject 
with arrhythmia. The noise of the sensor was 35-40 
fTHz 1/2 at 200 Hz. To assess the performance of the 
high-T r magnetometer, the PTB 37-channel, low-7 f sys- 
tem (Koch, Cantor et ai, 1991) was used as a reference. 
Although the rms noise of the high-T £ sensor was a fac- 
tor of 4 higher than the low-7 ( sensors, one half of this 
disadvantage was regained from the shorter distance be- 
tween the high~r r magnetometer and the thorax. The 
ability to place high-T, SQUIDs closer to the signal 
source clearly relaxes their sensitivity requirement 
somewhat compared with their low-T r counterparts. A 
further potential advantage of liquid nitrogen-cooled 
sensors is that the cryogenic package can be made quite 
compact. Schilling et ai (1996) measured a MCG with a 
cryostat containing only 0.1 liter of liquid nitrogen. 

The systems we have just described have only a single 
channel. However, most applications require a multi- 
channel system to enable one to map fields from the 
heart at different locations. The most elaborate high-T ( 
systems have been built at the Superconducting Sensor 
Laboratory in Japan: 4 channels (Tanaka et ai, 1994), 16 
channels (Itozaki etai, 1994). and 32 channels (Itozaki 
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et al, 1996). Their sensors were 5-mm-washer dc 
SQUIDs with a noise of 70-250 fT Hz 1/2 at 1 kHz and 
300-800 fTHz m at 1 Hz; to protect them from mois- 
ture, the SQUIDs were sealed in an epoxy resin pack- 
age. The 32 SQUIDs were in a flat 6 6 array, with each 
corner location unoccupied, with 40 mm separation. 
Magnetocardiogram recordings were obtained in a small 
magnetic shield, with inner dimensions 0.8 0.8 2 nr\ 
Although the noise specifications did not fulfill the re- 
quirements listed earlier, Itozaki and co-workers were 
able to obtain magnetocardiac isofield contour maps of 
the /?, S, and T waves. 

To our knowledge, the only multichannel system us- 
ing multilayer technology is the four-channel system of 
Dilorio et al (1995), who used integrated, multiturn 
magnetometers. The noise levels were 70 fTHz 1/2 at 1 
kHz and 280 fT Hz m at 1 Hz. These authors obtained 
both MCG's and MEG's in a magnetically shielded 
room. 

All the systems described so far involved magnetome- 
ters, and can thus be used only in a magnetically 
shielded room, which, as pointed out in Sec. IX, is ex- 
pensive. If one hopes to see SQUIDs in widespread use, 
one is required not only to replace liquid 4 He with liquid 
N 2 but also to eliminate the need for expensive shield- 
ing. This requirement has driven extensive development 
of gradiometers: since the separation of the sensor and 
the source is only a few tens of millimeters, even high- 
order gradiometers behave as magnetometers for the 
signal source, provided the baseline is sufficiently long 
(Vrba, 1996). 

Tavrin et al. (1994) and Borgmann et al. (1997) used 
second-order electronic gradiometers to record good- 
quality MCG's in unshielded environments. However, 
the bandwidth was only 0-30 Hz, which is insufficient 
for some of the high-frequency information of clinical 
interest. Weidl et al. (1997) used a single-layer, planar 
gradiometer with a 4-mm baseline to record MCG's in 
an unshielded environment with a bandwidth of 250 Hz. 
The R peak was just resolved in a real-time trace. The 
authors demonstrated that the signal-to-noise ratio 
could be significantly improved by averaging, by using 
notch filters, and by triggering the recording with the 
peak of the electrocardiogram (Seidel et al.. 1997). 

Progress towards the development of multichannel 
systems for unshielded operation has been reported by 
Woeltgens et al (1997), David et al (1997), ter Brake, 
Janssen et al. (1997), and ter Brake, Karunanithi et al 
(1997). David et al. fabricated a nine-channel system 
based on directly coupled dc SQUID magnetometers, 
each of which was enclosed in a fiberglass module to 
protect it from moisture. Each module contained a re- 
sistive heater so that the SQUID could be driven into 
the normal state to release trapped magnetic flux. To 
reduce the environmental noise David et al (1997) used 
a copper coil around the dewar as a reference magneto- 
meter that fed compensating currents into a coil sur- 
rounding the planar magnetometer array. They also 
used digital subtraction to form first-derivative gradiom- 
eters. The combination of these techniques reduced the 



noise at 30 Hz from about 30 pTHz 12 to about 1 
pTHz 1/2 for each channel, an order of magnitude 
above the intrinsic noise of the sensors. This perfor- 
mance made it possible to obtain contour maps after 80 
averages, with the aid of a template matching technique. 
Compensating the component of the earth s static mag- 
netic field perpendicular to the plane of the magnetome- 
ters did not reduce the noise any further. The excess 
noise was believed to arise from gradients in the envi- 
ronmental noise or the motion of vortices in the YBCO 
films. The latter effect could presumably be eliminated 
by reducing the linewidths of the superconducting films 
sufficiently (Sec. IX. A). 

Ter Brake, Janssen et al (1997). and ter Brake, Karu- 
nanithi et al (1997) made a similar seven-channel sys- 
tem, also encapsulating their directly coupled magneto- 
meters to exclude moisture. They used groups of three 
neighboring magnetometers in the planar array to form 
electronic first- and second-order gradiometers. Noise 
rejection was limited to about 2% by lack of planarity 
and by variations in the transfer functions of the indi- 
vidual SQUIDs, which resulted in varying gains and 
phase shifts in the flux-locked loops. 

The five-channel system of Woeltgens et al (1997) 
makes use of the TSG (Koch et al, 1993). Three magne- 
tometers were stacked in the z direction to form the 
TSG, and two more magnetometers were used to cancel 
residual x and y components of the noise. In addition, 
the outputs from a three-axis flux-gate magnetometer 
were coupled to three sets of external coils to provide 
active noise cancellation. The lowest noise achieved was 
about 400 IT Hz 1/2 at 1 Hz (Koch, 1997). 

We have seen that single-channel, multilayer magne- 
tometers operating in a magnetically shielded environ- 
ment have sufficient resolution to obtain clinically mean- 
ingful MCG's. Packages to protect the sensors and to 
enable excess flux to be expelled have been developed. 
However, no multichannel system has yet been demon- 
strated that even approaches the performance of the 
best single-channel devices, suggesting that such high-T^ 
sensors are not yet routinely available. With regard to 
unshielded systems, a good deal of progress has been 
made, but substantially more will have to be made be- 
fore the noise levels approach that of high-7\. directly 
coupled magnetometers, about 100 fTHz 1/2 , let alone 
the much lower noise levels of low-7\ systems. One 
might hope some of the recent progress reported in 
Sees. VIII and IX will lead to lower noise in unshielded 
systems in the near future. 

B. Nondestructive evaluation 

Nondestructive evaluation (NDE) is the noninvasive 
identification of structural or material flaws in a speci- 
men. Examples are the imaging of surface and subsur- 
face cracks or pits due to corrosion or fatigue in aging 
aircraft and reinforcing rods in concrete structures (Wik- 
swo, 1995). While there is a variety of acoustic, thermal, 
and electromagnetic techniques currently used in NDE, 
these methods are often not entirely adequate for de- 
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tecting flaws at an early enough stage, usually because of 
a lack of spatial or depth resolution. 

An important application of high- T c SQUIDs in NDE 
is to replace induction coils in eddy-current imaging, a 
widely used method for the detection of subsurface 
damage in metallic structures such as aircraft 
(Wikswo, 1995). In this technique, one applies an alter- 
nating magnetic field produced by a drive coil and 
lock-in detects the fields generated by the induced eddy 
currents in the structure. The eddy currents are diverted 
by structural flaws resulting in distortions of the mag- 
netic field. Since the eddy currents flow over a skin 
depth, which is inversely proportional to the square root 
of the frequency, deep defects require correspondingly 
low frequencies. Thus the flat frequency response of 
SQUIDs is a distinct advantage over the response of 
coils which falls off with decreasing frequency. Further- 
more, high-7V SQUIDs are distinctly preferable to low- 
T c SQUIDs because their associated dewars or cryo- 
coolers can be lighter and more compact. The insertion 
of SQUIDs into the NDE market is largely contingent 
on one's ability to retain high sensitivity in a mobile unit 
capable of operating in the magnetically unfriendly en- 
vironment of an aircraft maintenance hangar or a fac- 
tory. 

Demonstrations of eddy-current NDE using high-T c 
SQUIDs have been reported by a number of groups, 
especially during the past two years. Both dc and rf 
SQUIDs have been used in a variety of magnetometer 
and gradiometer configurations. The drive coil is 
mounted on the cryostat and typically has a double-D 
configuration to minimize the excitation field at the 
SQUID, which is mounted at the point where the field 
changes sign. For most realistic applications, one scans 
the SQUID and drive coil over the sample. 

In one such system Tavrin et al (1995) used an elec- 
tronic SQUID gradiometer consisting of two high-7V 
SQUIDs in a dewar of liquid nitrogen suspended over a 
sample that was scanned linearly at about 7 mm/s in an 
unshielded laboratory environment. The authors suc- 
cessfully imaged a series of slots cut into a copper plate 
as well as a 6-mm hole in a 1-mm-thick sheet of alumi- 
num situated beneath two additional sheets of the same 
material. In a similar unshielded system Carr et al 
(1977) used an electronic gradiometer consisting of two 
dc SQUIDs that was scanned above three 3-mm-thick 
layers of aircraft-grade aluminum held together by rivets 
and containing simulated defects 2-4 mm long radiating 
from the rivet centers in all three layers. Excitation 
fields were applied at two discrete frequencies and the 
resulting signals were lock-in detected and subtracted in 
an appropriate manner to distinguish the defects in the 
deeper layer from those in the surface layer. 

In a step towards practical development of this tech- 
nology, Hohmann et al. (1997) reported NDE measure- 
ments of structures in an unshielded environment using 
dc and rf SQUID-based magnetometers and monolithic 
gradiometers cooled by a commercial Joule-Thomson 
cryocooler. Either the sample or the sensor was scanned 
on a mobile jc-v stage; the latter mode was aimed at 




x[nrrj 

FIG. 40. Eddy-current image of a corrosion pit in an aluminum 
sheet (1.5 200 400 mm) situated beneath four aluminum 
sheets of equal size (Hohmann et al. 1997). 

investigating the possibility of a mobile SQUID system. 
Among the flaws analyzed were a corrosion pit and a 
simulated fatigue crack in an aluminum sheet; both were 
hidden underneath four intact 1.5-mm-thick aluminum 
plates. Figure 40 shows the image of a corrosion pit de- 
tected at a drive frequency of 20 Hz with the cryocooler 
in motion. 

Kreutzbruck, Troll et al. (1997), Muck et al. (1997), 
and Kreutzbruck et al. (1998) developed two NDE sys- 
tems, one with the sensors cooled by liquid nitrogen and 
the other with them cooled by a miniature Stirling re- 
frigerator, which chills neon gas to about 50 K. Each 
system contained up to four rf SQUIDs operated at 3 
GHz, with a noise of about 1 pTHz 1/2 above 1 Hz and 
a high slew rate and dynamic range to allow unshielded 
operation. This group reported an impressive demon- 
stration of one of their systems in an aircraft hangar to 
detect flaws in felloes that were rotated close to the 
dewar at 6-20 rpm. The felloe consists of a hollow steel 
cylinder containing six ferromagnetic steel bars, at 60° 
intervals, for heat dissipation, and three venting holes, 
10 mm in diameter, at 120° intervals. Thus, in searching 
for cracks in the felloe, it is necessary to distinguish their 
signature from the signals produced by the bars and 
holes. Figure 41 shows the amplitude and phase of the 
magnetic field detected by the SQUID as the felloe is 
rotated through 360°. A 4-mm-long crack is easily distin- 
guished from the periodic signals from the bars and 
holes. The authors developed an algorithm that com- 
bines the amplitude and phase data to make the periodic 
signals vanish, leaving a prominent signal from the crack 
[Fig. 41(c)]. Similar work has been reported by Krause 
et al. (1997), who tested aircraft wheels with a mobile 
SQUID system in the Lufthansa maintenance facility at 
Frankfurt airport. Although still at the prototype stage, 
these techniques have considerable promise as an NDE 
tool for the aircraft industry. 

Historically, much of the early research on NDE with 
low-7\. SQUIDs was concerned with the detection of 
magnetic fields generated by specimens containing 
magnetized components (Donaldson et al, 1990; 
Banchct et al, 1995), and several groups are now using 
high-7 c devices for this approach. Schmidl, Wunderlich, 
Dorrer, Specht, Linzen et al (1997) and Kasai et al. 
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FIG. 41. Crack detection in an aircraft felloe: (a) Amplitude 
and (b) phase of gradiometer signal produced by eddy currents 
during one rotation of the felloe. The crack is indicated. The 
periodic signal is due to ferromagnetic steel bars located in the 
felloe at 60° intervals and three tapped holes at 120° intervals, 
(c) Result of algorithm to suppress signals from the steel bars 
and holes. (Muck et ai, 1997). 

(1997) used a planar dc SQUID gradiometer and a mag- 
netometer, respectively, to scan samples of steel to ex- 
plore the correlation between mechanical stress and 
magnetic-field distribution. The latter group imaged the 
magnetic field contours resulting from different degrees 
of residual stress in the material. This method is a 
unique probe of the mechanical or thermal stress to 
which a sample has been subjected. We have recently 
become aware of work by Tavrin et ai (1999), under 
contract with a manufacturer of turbine engines. These 
authors detect ferrous inclusions in the disks of turbine 
engine rotors using a high-r c , second-order electronic 
SQUID gradiometer in an unshielded environment. This 
work represents an important step beyond "proof-of- 
concept" in introducing high-T c SQUIDs into the NDE 
market. In a very different application Nagaishi et ai 



(1997) used a high-T ( dc SQUID magnetometer to de- 
tect fine magnetic particles in a rapidly moving copper 
wire. In their arrangement, the nitrogen-cooled SQUID 
was surrounded by a magnetic shield and the wire was 
pulled through holes in the shield about 15 mm below 
the SQUID at speeds of 10 to 500 m/min. Iron particles 
as small as 50 /xm in diameter were detected. The goal of 
this technique is to locate impurities that make the wire 
brittle, causing it to break. 

Although some of the measurements we have just de- 
scribed are at the prototype stage, there have been im- 
pressive demonstrations on aircraft components. Fortu- 
nately, these techniques do not require the highest 
sensitivity, since the Nyquist noise generated by the 
sample can be on the order of 1 pTHz This noise 
level is much lower than that of coils conventionally 
used for eddy current NDE. Thus, although some devel- 
opment remains, the future of NDE based on high-7^ 
SQUIDs is very promising indeed. 

C. Scanning SQUID microscopy 

Magnetic microscopes based on low-7 t dc SQUIDs 
have been used to image static magnetic fields with a 
combination of high field and spatial resolution (for ex- 
ample, Mathai et ai, 1993; Vu and Van Harlingen, 1993; 
Tsuei et ai, 1994). This development led, shortly after- 
wards, to the development of high-7V SQUID micro- 
scopes (Black etai, 1993; Black, 1995; Lee et ai, 1996, 
1997), in which the sample may be at either 77 K or at 
room temperature. Most often, the sample is scanned 
over the SQUID in a two-dimensional raster to produce 
an image. The scanning stage, made from nonmagnetic 
composite material, is driven by threaded rods turned by 
stepper motors. The frequency at which the image is 
obtained ranges from near zero, where one simply mea- 
sures the static magnetic field produced by the sample, 
to beyond 1 GHz. 

Figure 42 shows a microscope in which the sample is 
maintained at room temperature. The SQUID is 
mounted in vacuum at the upper end of a sapphire rod, 
the lower end of which is cooled by liquid nitrogen. Su- 
perinsulation surrounding the rod ensures that the tem- 
perature gradient along it is negligible. The SQUID is 
separated from room temperature and atmospheric 
pressure by a window, which may be either a 75-^m- 
thick sapphire disk or a 3-Aim-thick Si r N v window fabri- 
cated on a Si chip. In the first case, the SQUID-to- 
sample separation is typically 150 /xm, whereas in the 
latter, the separation can be as low as 15 yum. The entire 
system is surrounded by a mu-metal shield to exclude 
spurious magnetic field fluctuations, and the SQUID is 
operated in a flux-locked loop. 

A novel application of the microscope, in which the 
sample is held fixed, is the detection of the motion of 
magnetotactic bacteria (Lee et ai, 1997). Each bacte- 
rium contains a series of magnetite particles giving it a 
magnetic moment of about 5 10 16 A cm 2 . As an ex- 
ample of such measurements. Fig. 43 shows the spectral 
density of the magnetic-field fluctuations produced by an 
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FIG. 42. Sectional side view of scanning SQUID microscope, 
without X-Y scanner (Chemla et ai, 1997). 



ensemble of dead bacteria in water. The bacteria un- 
dergo Brownian rotation, producing a Lorentzian power 
spectrum of the form 1/[1 (wr 0 ) 2 ], where r 0 

a r lk B T is the characteristic rotation time of the bac- 
teria and a r is the rotational damping coefficient. The 
fitted value of r () , 15 9 s, is in good accord with predic- 
tions assuming a bacterial diameter of 1 fim and a length 
of 4 /xm. Measurements underway include the dynamics 
of living bacteria (Chemla et ai, 1997), the effects of an 
applied magnetic field, and the migration of bacteria 
through porous media. 

We turn now to higher-frequency operation. In the 
frequency range from 1 kHz to 1 MHz, Black et ai 
(1994) operated the SQUID open loop and used a drive 
coil to apply a sinusoidal magnetic field to induce eddy 
currents in the sample and modulate the flux in the 
SQUID. The magnetic response of the sample is deter- 
mined by measuring the amplitude and phase of the out- 
put from the SQUID: the out-of-phase component cor- 
responds to the eddy current in the sample. This 
approach resembles the eddy current technique de- 
scribed in Sec. X.B, but enables one to operate at sub- 
stantially higher frequencies. 




](J J 10 1 10° 10' \(f 

Frequency (Hz) 



FIG. 43. Spectral density of dead magnetotactic bacteria with 
fitted Lorentzian (solid line). Lower power spectrum repre- 
sents the SQUID noise (Lee et ai. 1997). 




FIG. 44. Image of patterned thin film of Cu scanned over 
SQUID with 9 GHz Josephson frequency (Black et ai, 1995). 

Black et al. (1995b, 1995) extended the imaging fre- 
quency from 1 MHz to 1 GHz by applying a rf field to 
the sample, which, in turn, couples an rf flux <I> rf into the 
SQUID. The rf flux smoothes out the V-<P curve of the 
SQUID, reducing the modulation depth. Thus, when the 
SQUID is also flux-modulated at a low frequency, f m 

25 kHz, one can show that the modulation depth is 
given by 

V(4\ f ) VVo(27r<P rf /<D () ), (10.1) 

where V {) is the value with no rf field and J 0 is the zero- 
order Bessel function of the first kind. Equation (10.1) 
can be inverted to find 4> rf provided it is sufficiently 
small. This technique was used to image a wire in the 
shape of a meander pattern. 

For frequencies higher than 1 GHz, one can use the 
SQUID itself as the source of the field excitation (Black 
et ai, 1995a, 1995). The oscillating magnetic fields at the 
Josephson frequency corresponding to the bias voltage 
induce eddy currents in the nearby sample which couple 
fields back' into the SQUID. The essential effect is to 
reduce the inductance of the SQUID, thereby increasing 
the voltage modulation depth measured at low frequen- 
cies. Thus by monitoring the modulation depth as the 
sample is scanned over the SQUID one can obtain im- 
ages at microwave frequencies. Figure 44 shows an im- 
age of a 5(X)-nm-thick Cu film that had been patterned 
into a series of grids of various sizes. The SQUID was 40 
^m from the grid, and the Josephson frequency was 
about 9 GHz The brightest regions correspond to an 
increase in modulation depth of about 2%. 

In concluding this section, we note that the best scan- 
ning SQUID microscopes with cold samples have a spa- 
tial resolution of perhaps 5 iim, while those with room- 
temperature samples have a resolution that is more like 
30-50 /xm. A recent innovation (Pitzius et ai, 1997), 
however, has dramatically improved the spatial resolu- 
tion for cold samples, albeit at the price of magnetic- 
field sensitivity. These authors use a soft magnetic tip to 
focus the flux from the sample into the SQUID, and 
were able to achieve a spatial resolution of the order of 
0.1 /im. A similar principle has been used by Tavrin and 
Siegel (1997) to examine room-temperature samples. 

D. Geophysics 

A particularly appealing application of high-7\. 
SQUID magnetometers is in geophysical surveying 
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(Clarke, 1983), for example, magnetotellurics. 
controlled-source electromagnetics, and cross-borehole 
sounding. In magnetotellurics, one measures simulta- 
neously the fluctuating horizontal components of the 
electric and magnetic fields at the earth's surface; these 
fluctuating fields originate in the magnetosphere and 
ionosphere. From these frequency-dependent fields one 
calculates the impedance tensor of the ground and 
hence estimates the spatial variation of the resistivity of 
the ground. Frequencies of interest are typically 

10 3 - 10 2 Hz, and the corresponding skin depths, assum- 
ing a resistivity of 10 ftm, are 50 km to 150 m. To elimi- 
nate the effects of local noise sources, one cross- 
correlates the fluctuating fields with those measured 
with a remote reference magnetometer 5-10 km away. 
Applications of magnetotellurics include surveying for 

011 and gas, and locating subsurface fault lines. In 
controlled-source electromagnetics, one uses a transmit- 
ter to supply large current or magnetic pulses to the 
ground, and determines the magnetic response. The 
naturally occurring fluctuating fields are now a source of 
noise, and a remote magnetometer is used to cancel 
them. In cross-borehole sounding, a receiver in one 
borehole is used to detect magnetic pulses from a trans- 
mitter in a second borehole. From the real and imagi- 
nary parts of the received signal one deduces the suscep- 
tibility of the ground between the two boreholes, and 
models the porosity. 

Currently, these magnetic measurements are made 
with induction coils. In fact, in the late 1970s and early 
1980s, low-r r SQUID magnetometers were used very 
successfully in magnetotellurics (Clarke et al., 1983) and 
exploited commercially. However, the inconvenience of 
using liquid helium, particularly in remote areas of the 
world, coupled with the drop in the price of oil which 
severely curtailed oil prospecting, led to the abandon- 
ment of cryogenic sensors. The advent of liquid 
nitrogen-cooled magnetometers, on the other hand, has 
renewed interest in this application Below about 1 Hz, 
the spectral density of the noise in coils increases as 
1/ /\ whereas that of SQUIDs increases as 1//, giving 
the latter magnetometer a substantial advantage at low 
frequencies. Furthermore, coils for use below 1 Hz can 
be as long as 1.5 m. and the deployment of three such 
coils orthogonally, buried in the ground for stability, is a 
tedious undertaking. Thus a three-axis high-7^ magne- 
tometer in a compact dewar with a long hold time be- 
comes very competitive. 

Dantsker et al. (1994) constructed a three-axis magne- 
tometer based on directly coupled magnetometers, and 
showed that it had sufficient slew rate for use in the 
field. Wang et al. (1997) reported preliminary experi- 
ments using a high-r c magnetometer for magnetotellu- 
rics and transient electromagnetics. Matzander et al. 
(1997) deployed a system with a white noise of 200 
fTHz ]rz and a 1// knee of 10 Hz, and used it success- 
fully to demonstrate controlled-source electromagnetic 
measurements. A system for shallow borehole sounding 
is under development (Drung et al , 1997; Radic etai, 
1997). 



What sensitivity does one require, for example, for 
magnetotellurics? A white noise of 20-30 fTHz 1/2 and 
a l/f knee of 1 Hz would be competitive; needless to say, 
these noise levels must be attained with the magnetome- 
ter operating in the earth's magnetic field, so that elimi- 
nation of low-frequency noise due to vortex motion is 
imperative (Sec. IX. A). The fabrication of such a system 
is eased by the fact that there are no tight space con- 
straints, and one could almost certainly use single-layer 
components, for example, a dc or rf SQUID coupled to 
a large-area flux transformer in a flip-chip arrangement. 

XI. CONCLUDING REMARKS 

The performance of high-T c dc and rf SQUIDs and of 
magnetometers based upon them has progressed to the 
point where, in principle, it is adequate for many practi- 
cal applications. One notable exception is magnetoen- 
cephalography, where the magnetic-field noise of a few 
fTHz at frequencies down to below 1 Hz routinely 
achieved with low-7 f devices is still somewhat beyond 
the reach of their high-7\ counterparts. What, then, are 
the major issues remaining in the fabrication and opera- 
tion of the high-T c devices and what are the most likely 
uses of them in the next few years? 

Many groups can routinely deposit high-quality thin 
films of YBCO with low levels of \/f flux noise in zero 
magnetic field. Very few, however, have anything like 
the same capability to deposit a YBCO-STO-YBCO 
structure, with each layer patterned to form a flux trans- 
former, with guaranteed electrical integrity let alone low 
levels of 1// noise. The multilayer magnetometers with 
the lowest white magnetic-field noise all exhibit Vf noise 
at 1 Hz, even when cooled in zero magnetic field. Since 
unpatterned trilayers can be made with negligible excess 
noise, the noise in patterned structures is presumably 
associated with edges. It is likely — but not assured — that 
sufficiently careful engineering of these edges, perhaps 
accompanied by more transmission electron microscopy, 
will reduce the flux noise power at 1 Hz by the required 
order of magnitude. With regard to junctions, despite 
enormous progress with artificial barriers, the workhorse 
for SQUIDs remains the grain-boundary junction. Even 
bicrystal grain-boundary junctions are not entirely rou- 
tine: although one often can produce, say, a dozen 
SQUIDs on a bicrystal that all exhibit quantum interfer- 
ence, not all of them have optimum characteristics and 
correspondingly low noise. The degree of ^reproducibil- 
ity represents the variability in the bicrystal substrates, 
and it is not obvious that a great deal of improvement 
can be made. Thus the field still awaits the invention of 
a new junction technology that offers both high yield 
and high I () R product. For the moment, at least from an 
economic standpoint, the best philosophy is probably to 
fabricate relatively large numbers of SQUIDs. select the 
best, and couple them to a suitable input circuit in a 
flip-chip arrangement. 

Most research has been focused on dc SQUIDs. prob- 
ably because their performance at 4.2 K has been much 
superior to rf SQUIDs. However, the advantage 
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of the dc SQUID over the rf SQUID at 77 K is much 
narrower, in part because one can use a somewhat larger 
inductance for the latter so that the effective area and 
intrinsic magnetic-field sensitivity are higher. To date, 
magnetometers based on dc SQUIDs have achieved 
lower noise than those of comparable size based on rf 
SQUIDs, particularly at low frequencies. However, this 
advantage has been due largely to the use of multilayer 
flux transformers coupled to dc SQUIDs, and may not 
persist now that such transformers are being used with rf 
SQUIDs. On the other hand, the fact that the white 
noise in dc SQUIDs is generally higher than predicted 
remains an important issue. If this problem is eventually 
resolved, for example, by the introduction of a more 
"perfect" type of junction, the performance of dc 
SQUIDs may well improve substantially. Furthermore, 
the possibility of significant crosstalk between rf 
SQUIDs in a multichannel system may prove to be a 
significant challenge. Thus the question of whether to 
choose dc or rf SQUIDs is still open, and may ultimately 
depend on the application at hand. 

We have emphasized issues of operating SQUIDs in 
an unshielded environment. The fact that the 1// noise 
can increase dramatically when a high-7 c SQUID is 
cooled in the earth's field is peculiar to high-7" c super- 
conductors: because they are operated at much lower 
temperatures and have much higher flux-pinning ener- 
gies, low-r c SQUIDs do not suffer from this drawback. 
Hopefully, the introduction of narrow linewidths has 
solved the problem for high-T c devices cooled in a static 
field, although this has yet to be demonstrated for a 
SQUID coupled to a multilayer, multiturn flux trans- 
former. The use of a "flux dam' 1 offers the possibility of 
maintaining low \lf noise even after the ambient field is 
changed. In common with low-r f SQUIDs, for most ap- 
plications the operation of high-T^ SQUIDs without 
shielding generally raises the issue of ambient magnetic- 
field noise. The solution — the gradiometer — is the same 
for both techniques. However, 4.2 K systems have an 
inexpensive "low tech" approach based on niobium wire 
that is not available to 77 K systems. In high-7^. systems, 
the current options are to subtract the outputs of two or 
more magnetometers or to make planar, thin-film gradi- 
ometers. The former approach requires no new thin-film 
components and can be easily implemented with diago- 
nal or off-diagonal first- or second-order gradients, arbi- 
trarily long baselines, and in ingenious configurations 
such as the three-SQUID gradiometer. The thin-film 
gradiometers have the advantage of substantial rejection 
of uniform magnetic-field noise — say, by three orders of 
magnitude — by a passive, linear, noise-free device. It is 
straightforward to make gradiometers with short- 
baselines — a few millimeters — that are very adequate 
for nondestructive evaluation. On the other hand, a 
baseline of, say, 50 mm is more of a challenge. Single- 
layer, symmetric flux transformers have been used suc- 
cessfully but lose sensitivity because the inductance of 
their large-area pickup loops cannot be matched to the 
much lower inductance of the SQUID. The solution, of 
course, is to use multiturn input coils, but the cost of 



making multilayer structures on large substrates is likely 
to be prohibitive. An alternative solution is the asym- 
metric gradiometer which requires only a single-layer 
flux transformer and does not significantly reduce the 
intrinsic sensitivity of the magnetometer to which it is 
coupled. The choice of gradiometers is another area that 
remains to be resolved. 

Turning briefly to applications of high-T^ SQUIDs, 
we have seen impressive demonstrations of both MEG 
and MCG. However, as already noted, the sensitivity of 
high-r c sensors is marginal for the former systems and 
while these systems are confined to relatively few cen- 
ters and to a magnetically shielded room, the cost and 
higher boil-off rate of liquid 4 He are not overriding is- 
sues. On the other hand, one might hope that MCG will 
become a more widespread modality over the next few 
years, for example, in the assessment of damage to heart 
muscle following a cardiac infarction, for the diagnosis 
of heart arrhythmia and for locating the source of cer- 
tain kinds of arrhythmia. Here, the benefits of liquid 
nitrogen as a cryogen — or indeed of a cryocooler in the 
longer term — combined with unshielded operation are 
highly desirable. Although clinical trials on large num- 
bers of patients have yet to be performed, MCG cur- 
rently appears to be the largest potential application of 
high-T c SQUIDs. Whether or not this field materializes 
depends not only on the development of suitable, low- 
noise gradiometers for unshielded operations but also 
on the availability of funding for suitable trials. 

A second application, nondestructive evaluation 
(NDE), is the one where the most "real world" progress 
has been made, for example, for the evaluation of air- 
craft components. Techniques involving both eddy 
currents and remanent magnetization have been suc- 
cessfully implemented. This is an area in which the ulti- 
mate sensitivity of SQUIDs is not required — generally 1 
pTHz 1/2 is more than sufficient — and in which short- 
baseline gradiometers are adequate. The ability of the 
SQUID to operate in a static field and over a very wide 
range of frequencies gives an advantage over flux-gate 
magnetometers, and the fact that the sensitivity is main- 
tained at arbitrarily low frequencies offers a distinct ad- 
vantage over coils. This area seems poised for rapid 
growth. 

Novel "SQUID microscopes" can be used in either a 
scanning or a static mode. The potential of these micro- 
scopes for biology is intriguing. One novel example is in 
immunoassay (Kotitz era/., 1997). Here, one labels an 
antibody with a tiny magnetic particle and exposes it to 
an appropriate antigen in the solid phase. The binding of 
the antibody with the antigen is detected by means of 
the remanent magnetization imparted to the immobi- 
lized particle. Another potential use of the microscope is 
to detect low-frequency nuclear magnetic resonance 
(NMR) and nuclear quadrupole resonance of room- 
temperature samples, for example, NMR of hyperpolar- 
ized m Xe (TonThat et at, 1997). 

The use of high-7 r SQUIDs in geophysics is "straight- 
forward" now that low levels of II f noise can be realized 
in the earth's magnetic field. One should not 
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underestimate the sensitivity of commercially available 
coils in these applications, but since the space con- 
straints on a three-axis magnetometer are not severe, 
one should be able to achieve 10 fTHz m at 1 Hz, with 
a l// 1 ' 2 increase at lower frequencies, using a single-layer 
flux transformer. Such a system, packaged with suitably 
rugged dewar and electronics, would be very competi- 
tive for low-frequency applications at the earth's sur- 
face. In the longer term, the use of SQUID magnetome- 
ters for cross-borehole sounding would offer a distinct 
advantage over coils. 

What will it take to foster this wide range of applica- 
tions? Currently, most of these techniques continue to 
be practiced by people who are experts in SQUIDs and, 
indeed, who have made the devices themselves. Clearly, 
this situation must change if high-7 c SQUIDs are to be 
widely deployed. This change will require not only more 
user-friendly packaging but also lower pricing. Lower 
costs imply larger-scale manufacturing, and it is to be 
hoped that one or more companies will soon see fit to 
adopt the necessary processing technologies. However, 
one should recognize that the total system price is often 
dominated by the cost of the cryogenics, be it liquid ni- 
trogen or a cryocooler. This additional expense must be 
justified in terms of improved performance compared 
with competing technologies if SQUID-based instru- 
ments are to be widely adopted. 

Note added in proof. Chesca (1998b, 1999) developed 
an analytic theory for dc SQUIDs operating in the pres- 
ence of large thermal fluctuations, similar to his ap- 
proach for rf SQUIDs. This work is based on solving the 
two-dimensional Fokker-Planck equation, which is 
equivalent to the coupled Langevin equations. Chesca 
finds analytical solutions for the dc SQUID in the limit 
fi L I In. The noise energy e scales as e^T 4 , for fixed 
L, and the optimum SQUID inductance is found to be 
L LJit (-10 pH at T 77 K) for T 1. 

In a systematic study of the transfer function and ther- 
mal noise of YBCO dc SQUIDs, Barthel et al. (1999) 
compare both numerical simulations and Chesca's ana- 
lytical approach with experimental results obtained for a 
wide range of noise parameters up to V 5. Several pre- 
dictions of the analytical theory could be verified experi- 
mentally, and a good qualitative agreement with both 
theories is observed. Furthermore, the numerical simu- 
lations performed in the limit of large thermal fluctua- 
tions show excellent agreement with the analytic theory. 

Zhang et al. (1999) demonstrated a design of a planar 
multiturn flux transformer integrated with a supercon- 
ducting labyrinth resonator serving as the planar tank 
circuit for a YBCO thin film rf SQUID magnetometer. 
When coupled to a 210 pH double-hole washer SQUID 
in flip-chip configuration the magnetometer showed a 
white magnetic field noise as low as 11.5 fT Hz 12 
(above kHz). However, the noise at 10 Hz was more 
than one order of magnitude above the whate noise 
level, presumably due to 1// noise from poor film qual- 
ity. 

Kittel et al. (1998) have fabricated and tested a planar, 
thin-film, second-derivative gradiometer. The flux trans- 



former consisted of two identical pickup loops placed 
one on each side of a smaller loop that was inductively 
coupled to a directly coupled magnetometer; this con- 
figuration can be envisioned as a second pickup loop 
coupled to the left-hand side of the smaller loop in Fig. 
33(b). The overall length of the flux transformer was 80 
mm, and the baselines for the first- and second- 
derivatives were 62 mm and 31 mm, respectively. By 
mechanically adjusting the separation between the mag- 
netometer and the flux transformer, the authors 
achieved a typical rejection of uniform magnetic fields of 
50 ppm. The residual first-order gradient response was 
at most 1.4% relative to the second-order gradient re- 
sponse. 

Fleet et al. (1999) have described a high T c scanning 
SQUID microscope for detecting flaws in computer 
chips. The room-temperature sample could be brought 
to within 30 /an of the SQUID, which was cooled by a 
cryocooler. A 3 kHz current was passed through the cir- 
cuit, which was on the far side of the chip from the 
SQUID, and the magnetic field images obtained by the 
SQUID were inverted to generate two-dimensional cur- 
rent density distributions This technique enabled the 
authors to achieve a spatail resolution of 75 /xm, sub- 
stantially less than the SQUID-circuit separation of 340 
/im. A short-circuit on the chip was located. 
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Abstract. It has been shown that the symmetry of the order parameter in the 
high-T c cuprates is dominated by a -component. In this contribution, the 
implications of the unconventional symmetry on devices and on large-scale 
applications of high-T c superconductors are discussed. 



1. Introduction 

In recent years several ingenious experiments have been 
conducted to identify the symmetries of the wavefunctions 
characterizing the superconducting condensates of the high- 
ly cuprates. Reviews of these studies can be found in 
[1-5]. The results of these experiments, of which the IBM 
tricrystal-nng experiments [6] are especially compelling 
and elegant, give evidence for at least one [7] d t :_^ -wave- 
dominated order parameter of the superconducting cuprates, 
with the possible exception of Nd|_ x Ce T Cu0 4 and related 
compounds. For orthorhombic superconductors such as 
YBa 2 Cu307-j(, the order parameter symmetry cannot be 
purely d ( :_ v :, but must have an admixture of a real s-wave 
component (s 4- ffd T :_ v :). The mixing ratio a is a function 
of temperature, doping concentration and distance to the 
surface or to other interfaces [3, 7-9]. As shown in figure l , 
an order parameter with d^:_ v : symmetry is characterized 
by a vanishing gap function along the four (110) directions, 
as well as by phase changes of n for rotations of 90° 
around the z-axis. As basically all superconducting devices 
rely on the magnitude of the superconducting gap or on 
the phase of the order parameter it is crucial to consider 
the question 'given a d t :_ v : -wave-dominated symmetry for 
most cuprates, what are the implications for devices 9 '. 

2. Surface resistance 

The disappearance of the gap along the {II 0) directions 
puts a lower limit on the high-frequency surface resistance 
R s , which obviously is undesirable for rf devices such as 
resonators or filters. The value of R> also depends on the 
parameters characterizing quasiparticle scattering and thus 
cannot be determined from first principles. Experimentally, 
large values of R s have been observed even in high-quality 
single crystals and films [10] and it has been shown that 
these values can accurately be fitted in a d r :_ v :- wave- 
based model [11]. However, because of uncertainties in 
the determination of the scattering parameters, it cannot be 
ruled out that part of the surface resistance is caused by 
other mechanisms [10]. 



3. Abrikosov vortices 

As described in [12], the s 4- ord T :_ v : symmetry gives 
rise to a vortex-core structure with a fourfold symmetry 
and furthermore leads to a distorted square vortex lattice, 
tilted by 45° from the a-axis. The latter has been 
found in neutron- sea tiering experiments [13] and in STM 
measurements [14]. No strong effects on pinning have 
been identified and implications of a d t :_ v : -wave-modified 
vortex behaviour on applications have to our knowledge 
not been reported yet. 

4. Josephson junctions and grain boundaries 

As the characten sties of Josephson junctions are highly 
sensitive to the density of states of the electrodes and to the 
phase of the order parameter, they are strongly influenced 
by the unconventional symmetry component. As will be 
demonstrated below with a few examples, basically all 
relations known from conventional junctions are altered for 
junctions connecting electrodes with a d,:__ v :-wave order 
parameter (d r :_ v :-wave junctions). Consequently, most 
properties of d T :_ v :-wave junctions will differ from those 
of s-wave junctions, and the design rules valid for s-wave 
junctions are not necessarily applicable. 

The current-voltage /(V) characteristic of Josephson 
junctions, for example, is affected by the d r :_ v :-wave 
symmetry of the electrodes in several respects. The 
critical current /< is controlled by the d,:_ v :-wave 
specific density of states, as modelled for tunnel junctions 
[15] and for Sharvin contacts [16]. Apart from I c , 
because of the d t ._ v : -wave-type quasiparticle spectrum, 
the voltage branch of the !{V) characteristics is strongly 
influenced by the unconventional symmetry. This part of 
the liV) characteristics has been calculated by several 
groups [17-20] who find considerable deviations from 
the textbook RSJ behaviour, subject to the orientation of 
the d t :_ v :-wave lobes with respect to the junction barrier 
and being a function of junction roughness and barrier 
height. Depending on the junction type and geometrical 
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Figure 1. Illustration of symmetry functions relevant for the high-7" c superconductors showing (a) the Fermi surface and the 
superconducting gap |A| and {b) the magnitude and the phase of the order parameter. 



configuration, a variety of !(V) characteristics have been 
derived theoretically, with l qp oc V 2 and I qp oc V 3 
representing the most prominent dependences for jV) < 
2 A [17,18,20]. Experimentally, l qp oc V 2 dependences 
are found indeed for bicrystal grain boundary junctions 
in nominally fully oxidized YE^Cu^Oy., films [21,22]. 
However, as the junction parameters used in the models 
differ from the experimental ones, it remains to be seen 
whether the d x :_ v j-wave symmetry is the prime cause of 
the observed I(V) characteristics. 

Qua si particles scattered at interfaces and at surfaces of 
d^:_ v 2-wave superconductors experience a phase shift of n 
along their paths for a variety of interface orientations and 
trajectories. If the phase of the order parameter undergoes 
a sign change during the scattering process, quasiparticle 
states will form at the Fermi level (zero-energy states) 
[23-25] which may also affect the critical current density 
J c [26-28]. Furthermore, they can lead to unconventional 
temperature dependences I C (T) [25,26, 28] and cause zero- 
bias anomalies in the I{V) characteristic [19]. In many 
experiments zero-bias anomalies have been observed for 
various types of high-T^ Josephson junctions [29]. Studies 
confirming a direct relationship between the anomalies and 
d jr i_ v :-wave superconductivity were recently performed for 
films [30-32] and single crystals [33]. 

Josephson junctions based on large-angle grain bound- 
aries, in particular junctions with a misonentation of 45°, 
the geometry typically obtained with biepitaxial processes, 
show highly anomalous dependences of their critical current 
on an applied magnetic field H, with the maxima of the 
symmetric /,(//) patterns occurring at fields of several 
gauss [34-37]. Such dependences have never been reported 
for junctions between conventional superconductors and 
directly prove the existence of areas in the junctions with a 
negative J c . Here, even for H = 0, the Josephson current 
flows backward across the junction. It was suggested [34- 
37] that this effect is caused by the d ( :_ v :-wave symmetry 
and grain boundary faceting [38-41], This mechanism is 
sketched in figure 2, which illustrates for an asymmetric 
45° grain boundary junction that the n phase shift between 
the positive and negative lobes of the d,:_ v :-wave order 
parameter may cause additional local phase differences of 
7T, which for the Josephson current J = J t s\n{(p 4- jt) 
is equivalent to a negative J c . This model is able to 
account for all experimental observations concerning the 




Figure 2. Sketch of a faceted (100)(1 10), [001] tilt grain 
boundary. As shown in the lower half of the drawing, 
faceting may cause an additional phase difference of n, 
leading to areas in which the Josephson current flows 
backward across the junction. 

I C (H) character! sties of grain boundaries, such as their 
misonentation dependence and their insensitivity to oxygen 
concentration [42]. 

Based on this understanding it was predicted that 
asymmetric 45° [001] tilt boundaries will spontaneously 
produce circulating currents and generate unquantized 
magnetic flux, which subsequently was observed directly 
by scanning SQUID microscopy [43]. Because of the 
areas with negative 7 t , the global critical current density 
measured across a grain boundary junction may be much 
smaller than the local current density, which in fact is 
not known. Therefore one is also required to distinguish 
between a local and a global Josephson penetration 
depth. The fractional area characterized by a negative 
J c increases with grain boundary misonentation, and it 
has been estimated that negative cntical current densities 
account for a reduction of the grain boundary /, by an 
order of magnitude for an increase of the grain boundary 
angle from 0° to 45° [37]. Furthermore, for large- 
angle boundanes, the washboard -type dependence of the 
Josephson energy on phase difference is distorted, which 
enhances phase-slip processes, critical current fluctuations 
and noise. Theoretical treatments of the IJH) dependence 
of d,:_ v :-wavc junctions have been given by Mints who 
denved startling predictions, such as the existence of two 
types of Josephson vortices in long d r :_ v :-wave junctions, 
each having a flux content smaller than a flux quantum, 
quantization only applying to their sum [44]. 

Injunctions between misonented superconductors, even 
without the presence of an artificial barncr, the order 
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Figure 3. Schematic representation of a contact between 
two d x 2_ y 2-wave superconductors. In the boundary region 
with a width of several times the coherence length £ the 
order parameter is depressed owing to the misalignment of 
the two crystal lattices (after [45]). For simplicity, in this 
sketch mixing of additional symmetry terms at the interface 
has been neglected. 

parameter is suppressed at the interface owing to the finite 
size of the coherence length £ [45]. As illustrated in 
figure 3, up to distances of the order of £ from the boundary, 
the order parameter is affected by the orientation of the 
adjacent grain and thus is reduced by frustration effects. We 
suggest that this intrinsic effect is one of the mechanisms 
limiting the critical current of grain boundaries in the high- 
TV cup rates. 

All of these mechanisms affecting J c alter the junction's 
normal state resistance R n (measured at |V| » 2 A) only 
indirectly and weakly. Consequently, for d T :_ v :-wave 
junctions a universal Ambegaokar-Baratoff-type scaling 
law [46] cannot hold for the I c R n product [22,28,37]. 
Instead, one is led to the conclusion that various weak 
and configuration-dependent scaling behaviours have to 
apply for different sample geometries and that in general 
reduced I C R„ products have to be expected (I C R„ < A). 
Because of boundary inhomogeneities and d T :_ v :-wave 
effects, macro scopically measured transport properties of 
grain boundaries do not directly reflect their microscopic 
transport mechanisms. 

Another property of Joseph son junctions relevant for 
various device applications is the relation / ((p) between 
the Josephson current and the phase difference. The d,:_ v : 
symmetry of the order parameter can affect this relation 
in several respects. First, the proximity effect between 
misoriented d^:_ v : superconductors or the presence of zero- 
energy quasiparticle states can cause nonharmonic / (<p) 
dependences [18,25,28]. Second, it has been predicted for 
highly misoriented grain boundaries that some facets have 
to be charactenzed by an / ((f) characteristic with doubled 
periodicity [47], which in combination with the other facets 
will deform the global I {<p) dependence. Third, if such 
boundaries form large junctions, facets with a negative J c 
will cause deviations from a sinusoidal I (<p) relation and 
lead to enhanced noise and phase slip processes [37,48]. 

In conclusion, for Josephson junctions between 
d,:_ v :-wave superconductors, the orientation of the 
superconductors with respect to the junction and also 
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Figure 4. Illustration of the band bending possibly 
occurring in heterostructures involving high-7" c materials. In 
the band diagram shown at the top, an insulating depletion 
layer is formed at the interface between YBa 2 Cu 3 0 7 - J( and 
a conventional metal, increasing the interface resistance 
and turning the contact into a 

superconductor-insulator-normal metal (SS'IN) junction. 
Bottom: spatial dependence of the order parameter. 

that with respect to each other are important parameters 
controlling the junction properties. Likewise, the roughness 
of the barrier is a much more important parameter than 
in conventional junctions. Most principles and relations 
known from conventional s-type junctions do not hold 
for d^.^-wave junctions which needs to be taken into 
account for junction design, fabrication and analysis. 
Because of their misonentarion [45] and their faceting [37], 
grain boundaries are in particular affected by the d^:_ v : 
symmetry, which, in addition to the other mechanisms 
caused by the grain boundary microstructure (see for 
example [49]), is expected to control the grain boundary 
critical current to a large extent. For devices, depending 
on the specific application, relatively small angles such as 
20° seem to be the misorientations of choice, as boundaries 
with larger misorientations suffer from a larger fractional 
area with a negative J c and thus from aggravated noise. 

5. Additional phenomena 

As has been shown, the unconventional symmetry 
component, which a short time ago was discussed on a 
rather abstract level only, strongly affects the operation of 
superconducting devices. Therefore one may ask whether, 
apart from the d x :_ v :-wave symmetry, there are other 
fundamental properties of the high-T< cuprates which are 
unknown from conventional superconductors and which are 
of concern for devices. This is indeed the case. We point 
out that in particular along the c-axes the high-7; materials 
behave like semiconductors, rather than like conventional 
metals. Compared with metals their carrier densities are 
low and their dielectric constants arc high, causing Debye 
lengths of the order of a nanometre. Therefore, at interfaces 
band bending will take place over distances of several 
nanometres, analogously to the band bending in standard 
Schottky contacts. Accordingly, depletion or accumulation 
layers form in the high-7; materials, the properties of which 
are drastically altered from the bulk behaviour [50-52]. 
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Further, intrinsic or extrinsic interface states have to be 
expected in such structures, which will also affect the band 
bending and at high densities may even pin the Fermi level. 
It is noted that interface states with areal charge densities as 
small as 300 cm" 2 are sufficient to rum an adjacent unit 
cell of YBa 2 Cu30 7 _^, into an insulator. Figure 4 illustrates 
that band-bending effects have to be considered for an 
understanding of surface properties, interface resistances 
and the effective superconducting gap of a wide variety of 
devices, such as SNS-type junctions, grain boundaries (the 
argument also applies to [001] tilt boundaries in epitaxial 
films, as they also meander in the odirection) or metallic 
contacts. 
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